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ABSTRACT

I. ASYMMETRIC PHOTOCHEMISTRY.
II. EXPLORATORY AND MECHANISTIC STUDIES ON THE TRIPLET
SENSITIZED VAPOR PHASE PHOTOCHEMISTRY OF ALLENES.
III. DEVELOPMENTS IN THE SYNTHESIS OF STRAINED CYCLIC
CUMULENES.
by
William C. Shakespeare
University of New Hampshire, May, 1993

The development and implementation of a new chiral triplet
sensitizer derived from 1,1-binaphthol is described. Irradiation of
1,3-diphenylallene

(1 6 )

in the

presence

of 4,5,6,7-tetrahydro-

d in a p h th o [2 ,1-<7:1\ 2,-/j[1,6]dioxecine (10) resulted in 0.66% optical
induction. Irradiation of 1,3-cyclooctadiene (17) in the presence of
10 resulted in 11.3% optical induction. The singlet state of 10 could
be effectively quenched by higher diene concentration, substantially
reducing

the

optical

yield.

Irradiation

of

tra n s -l ,2 -d ip h e n yl-

cyclopropane (1) in the presence of 10 resulted in very low optical
yields.
The mechanism by which triplet excited state allenes react in
the vapor phase is investigated through both theory and experiment.
Benzene sensitized

vapor phase irradiation of cyclohexylallene (63)

yields cis and trans-1, 3,8-nonatriene
Triene

82

undergoes

triplet

(82) as the primary products.

sensitized

[4

+

2]

cycloaddition

reactions yielding bicyclic alkenes 45 and 8 3 . Additionally, 8 2
undergoes a series of triplet sensitized [2 + 2] cycloadditions,

x v iii
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yielding

bicyclic

alkenes

8 4 -8 6 . The absence of any observed

tricyclics argues for the intermediacy of planar triplet allene 89,
instead of triplet cyclopropylidene 88.
phase
starting
trip le t

irradiation
material.

of

Benzene sensitized vapor

vinylidenecycloheptane

Models

cyclopropylidene

indicated

99

that

(64) yielded only

neither

intermediate,

or planar triplet allene 1 0 0 ,

was

particularly well suited for hydrogen abstraction to occur. Benzene
sensitized solution phase irradiation of either 63 or 64 yielded only
starting

material.

Ab initio calculations at the UMP3/6-31G7/UHF/3-21G
are reported for hydrogen
c y c lo p ro p y lid e n e
calculations

predict

(5 2 ),

abstraction from
and

level

methane by triplet

planar triplet

allene

(6 1 ). T h e

Ea = 16.7 and 18.8 kcal/mol for hydrogen

abstraction by 52 and 61, respectively.
The synthesis and trapping of 1-phenyl-1,2-cyclohexadiene
(137) is described. Several pathways directed toward the synthesis
of 1,2-cyclopentadiene (131) are also described. Additionally, the
development of a new, and presumably general route to cyclic
allenes is presented.
The syntheses and trapping of 1,2,3-cyclohexatriene (199) and
cyclohexen-3-yne
introduction

of

the

(2 4 0 ) are described.
strained

ic bond

Both are prepared by

through

fluoride

induced

elimination of vicinal trimethylsilyl, and triflate or halide groups.
Both syntheses are general and should be applicable to different ring
sizes.

with permission of the copyright owner. Further reproduction prohibited without permission.

GENERAL INTRODUCTION

Because of the diverse nature of material that comprised this
dissertation, it has been divided into the following three chapters:
1) Asymmetric organic photochemistry, 2) The photochemistry of
allenes, 3) Synthesis and trapping of strained cumulenes. Each
chapter

is

self-contained,

complete

with

its

own

introduction,

statement of the goals, results and discussion, and conclusions.
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CHAPTER I

ASYMMETRIC ORGANIC PHOTOCHEMISTRY:
A NEW CHIRAL TRIPLET SENSITIZER

Introduction
Optically active molecules are abundant in nature and play a
pivotal role in the existence of all living systems. Indeed, most
biochem ical

reactions

result

from

interactions

involving

one

specific enantiomer. As a consequence, chemists have long been
interested in optical activity and ways in which optically active
compounds can be generated. Although asymmetric ground state
reactions

have

now

become

commonplace,

many

aspects

of

asymmetric photochemistry remain poorly understood. Among the
least explored questions

is asymmetric induction with

a chiral

triplet or singlet sensitizer. This chapter reviews briefly the area
of asymmetric organic photochemistry, and describes the results
obtained from the use of a new chiral triplet sensitizer.
Photochemical asymmetric induction as a means of producing
enantiom erically

pure

or

enriched

compounds

has

received

increasing attention during the last two decades. Conceptually, this
approach has been known for some time, but actual experimentation
has yielded few cases demonstrating substantial optical induction.
The most common and most successful approach to asymmetric
photochemistry has been the use of chiral prosthetic groups. Optical
in d u ctio n

via these

differentiation

group s

in the transition

re s u lts
state.

from
These

d ia s te re o fa c ia l
chiral

auxiliaries,

which may be attached to either reactant, are often conveniently

2
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removed after the photochemical step, yielding products with high
enantiomeric excesses (e.e.). One example, by Tolbert and A li,i
describes the addition of tra ns-stilbene

to

an

optically

active

fumarate ester (Scheme 1). To explain their result, the authors
invoke extensive % stacking, resulting in a rigid transition state.
This approach to asymmetric photochemical synthesis is the subject
of a recent review.2

Scheme 1
A second method employed in asymmetric induction is the use
of a chiral environment. Scheffer and co-workers recently reported
the synthesis of a diester with 100% enantiomeric excess (e.e.) from
irradiation of a chiral single

crystal (Scheme 2).3 While there are

relatively few examples of this extraordinary reaction, it clearly
demonstrates

the enormous impact a chiral environment may have,

and holds considerable promise for the future.

R=CH(CH3)2
100% e.e

Scheme 2
Another

method

used

in

chiral

discrim ination

has

been

circularly polarized light (CPL). CPL has associated with it inherent

3
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helicity: which may be either right- or left-handed.

When solutions

containing a mixture of enantiomers are irradiated with a given
helicity of CPL, light is absorbed differentially by the individual
enantiomers. This is the phenomenon of circular dichroism. For
reactions which interconvert enantiomers, accumulation of one over
another may be observed. Asymmetric synthesis of helicenes has
also been described; these experiments, however, have not provided
more than 0.2% optical yield (Scheme 3)A

hv
CPL

optically active
0.2% e.e

racemic

Scheme 3
Asymmetric Induction bv Energy Transfer
Singlet energy transfer is believed to occur over long distances;
however,

triplet

transfer

and

single

electron

transfer

(SET)

generally involve bimolecular collisions.

To achieve asymmetric

induction,

chiral

it

is

essential

to

have

a

sensitizer

which

recognizes handedness, and interacts differentially with individual
enantiomers. The difference

in

interaction

according

of

diastereomerism.

to

the

principles

can

be

rationalized
Because

the

sensitizer is chiral, it reacts with individual enantiomers forming
two

discrete

diastereomeric;
formation

complexes.

The

transition

states

are

therefore

depending on the reaction type, this can lead to the

of optically

active

products.

The

idea

is

pictorially

displayed in Scheme 4 (S = sensitizer, A = acceptor).
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Scheme 4
The

anticipated

mechanism

responsible

for

photochemical

asymmetric induction by energy transfer, still a subject of some
speculation, may depend upon the specific type of reaction. In
general, energy transfer is described according to two types of
mechanisms: The Forster mechanism,s which
coupling

of

transition

moments,

involves

dom inant

in

long-range

singlet-singlet

processes, or the Dexter mechanism^ involving short-range coupling
by orbital overlap, most prominent in triplet-triplet processes. To
achieve chiral recognition, it follows that the Dexter mechanism
should

be operative

Additionally,

reactions

in order to facilitate chiral discrimination.
should

occur

at

rates

below

diffusion

control; otherwise, every collision would result in energy transfer,
thus providing no discrimination between enantiomers.4
This phenomenon was first demonstrated by Hammond and Cole,
who irradiated racemic, frans-1,2-diphenylcyclopropane

(1) in the

presence of optically active amide 2.7 They reported a modest 7%
optical induction after separation from the sensitizer. The reaction
involves cis-trans

isomerization which

interconverts enantiomers

through the cis structure 3 (Scheme 5). At the photostationary state,

5
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an excess of one enantiomer over another was observed. The authors
first suggested that the reaction took place from the triplet state
but

later established

employed

the

same

it was

a singlet p ro c es s . s Kagan et al.

sensitizer for energy transfer to

a chiral

sulfoxide, and observed a 2.5% e.e.9

P\

SENSITIZER

Ph

Ph

hv

Ph

/Ph

”

1

ph
3

1

■SmsmZEBS
Hc

NHOAc

C»
0

^

6

V

2
Pen= 7%

^

4
Pen=

CH3

3%

Schem e 5
Ouannes et al. demonstrated that asymmetric induction could be
achieved during the transfer of triplet energy.io Using
methyl-1-indanone

(R )-(-)-3 -

(4) as the sensitizer, they obtained 3% e.e. of

tr a n s 1 (Scheme 5). The authors suggested, based on reaction
conditions, that the rate of reaction was diffusion controlled. It is
not surprising then that their measured e.e. is somewhat smaller
than that observed by Hammond and Cole.8 If the reaction was indeed
diffusion

controlled,

then

every

collision

resulted

in

energy

transfer, allowing for little discrimination between enantiomers.
The only attempt to

resolve allenes

by this

reported by Weiss et al., who in 1973 irradiated

method was

2,3-pentadiene in

the presence of a chiral sensitizer, 21,22-dihydroneoergosterol.i i
As with previous results, only slight optical induction (3.4%) was
y
6
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observed.

The

authors

noted

that

models

indicated

a

slight

preference for energy transfer to the (R) isomer, based on steric
arguments.
Some years later,

Inoue and co-workers observed asymmetric

cis-trans photoisomerization of cyclooctene sensitized by chiral
aromatic esters.i2a Depending on the ester employed, they observed
optical inductions anywhere from 0.3% to 11% (Scheme 6). They
suggested that cis-trans isomerization took place via

o

SENSITIZER
hv

%

an exciplex of

< f

(R )-(-)-trans

(S)-(+)-trans

SENSITIZERS

c o 2r *
c o 2r *

co2 ^
r *2o c

c o 2r *

e.e. = 2.7%

e.e. = 11.5%
e.e. = 4.4%

Scheme 6
the excited singlet ester and cyclooctene. Once

isomerization to the

trans isomer was complete, two diastereomeric exciplexes existed;
relaxation back to the ground state at different rates,

then,

led to

modest optical induction. They later found the degree of optical
induction to be dependent on temperature; with two of the esters
they observed an interesting phenomenon.12b Upon irradiation with
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tetra-(-)-bornyl

pyrom ellitate

photosensitization

afforded

optical yield

increased

tem perature

rose

predominated,

the

to

above
optical

(5) at temperatures below -19° C ,
(S)-(+)-trans

the

isomer, and the

11% at -800 C. Conversely, as the
-190 C,
yield

the

(R )-(-)-trans

increasing

as

the

isomer
irradiation

temperature increased to a theoretical yield of 12-63% at infinite
temperature. This implied that one exciplex, that yielding the (S)-(+)-

trans, predominated at lower temperatures while another prevailed
at higher temperatures, yielding the (R)-(-)-trans.
Two

papers

describing

sensitized

asym m etric

photo

rearrangements have been reported.
In the course of investigating potential building blocks for the
synthesis of polycyclopentanoid terpenes and prostacyclin analogs,
Demuth

and

methane

c o -w o rk e rs i3

studied the triplet sensitized oxadi-n-

rearrangement of 6 with a chiral ketone (Scheme 7).

Irradiation

at -78° C resulted in enhancement of the 1R,5S-isomer

(10% e.e.), but the optical yields were far too low to be of practical
application.

O

H

6

(1S, 5R)

racemic

Scheme 7
Hoshi et al. described a two step photochemical transformation
of lactone 7 to bicyclic 8

in the presence of several different

8
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optically active amides and esters (Scheme 8).14 The recovery of
optically active starting material led the authors to postulate that
differentiation was occurring in the first step, that which involves
a 1,5-phenyl shift. They reported 1% optical induction.

RR'HC,
NH
Me.

Me

Me

Sens
Ph

Ph

8
P en= 1%

Scheme 8
Basults_and_Discussion
As described above, only limited success has been obtained, to
date,

with

because

chiral

triplet sensitizers.

sensitizers

were

based

The
on

limitations
inherently

may

arise

sym m etric,

disymmetrically perturbed chromophores. In principle, an inherently
disymmetric chromophore may be more effective. For example, in the
sensitizers employed by Inoue et al., (Scheme 6)

chirality

was

imposed through attachment of a chiral prosthetic group to an
aromatic ring. This group is considerably removed from the actual
site of energy transfer.

The diastereomeric

effect of the two

exciplexes is therefore weakened, because the full effect of this
chiral auxiliary is not realized. The

result is very little optical

induction in the products. We believed the solution to this problem
was the development of a sensitizer whose chirality was also the
center for energy transfer. An obvious candidate for this was a
binaphthyl chromophore whose inherent chirality allows both of the
necessary properties to be in close proximity. The remainder of this

9
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chapter describes a new chiral triplet sensitizer, derived from 1,1'binaphthol, and some exploratory results obtained from its irrad
iation in the presence of several substrates.
The

sensitizer chosen

binaphthol

for the

study

was

the

substituted

A .S .S J-te tra h yd ro d in a p h th o ta .l-g F il'.S '-^fl,6 ]d io xe cin e

(10), shown in Scheme 9. The molecule is inherently dissymmetric,
thus

enhancing

localization

the

of the

potential
two

for

optical

characteristics

induction

discussed

through

above.

The

following were also instrumental in the choice of 1 0 : (a) The
molecule may be selectively excited, (b) Photoracemization does not
occur (this was shown to be true by Lavalette et a/.is). (c) The
compound may be conveniently removed during workup procedures
and recovered for further use.

DMF/K2C 0 3
+

\

Br"

1 0
[a ]D =

(R - +)

-218.9

e = 6.789 *103

Scheme 9
The synthesis of racemic 10 was first reported by Daub et al. in
1 9 7 3 J 5 This same method permits the convenient synthesis of
optically pure 10 in 89% yield, from the commercially available diol
9.149 The specific rotation of 10 was -218.9°, and the extinction
coefficient, measured at 331

nm, was 6.789»103. As mentioned

previously, this allows for specific excitation of the sensitizer.

The

10
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choice of the (R)-(+) isomer of 10 was purely arbitrary; it is clear
the (S)-(-) isomer could be used with equal success, however, one
would expect the products, after irradiation, to have an equal but
opposite sign.
Some time after Daub reported his initial synthesis, Lavalette
and Caberet reported on the enantiomeric stability of a series of
bridged binaphthols in their triplet state. 16 Among the derivatives
studied (Figure 1), only compound 11 suffered a complete loss of
optical activity after irradiation. Conversely, compounds 10 and 1 2 14 showed no signs of photoracemization, even after prolonged
periods of excitation.

Through

interpretation of fluorescence and

phosphorescence spectra, they determined the triplet energy (57.2
kcal/mol), and the singlet lifetime (8.4 ns) for compound 10. The
low triplet energy demands that energy transfer be somewhat
endothermic,
transition

allowing

state.

for

greater

Additionally,

chiral

knowledge

discrim ination
of

the

triplet

in

the

lifetime

allows distinction between singlet and triplet processes through the
use of Stern-Volmer kinetics.

1 1 R = CH2

12R=
13R=
10R =
14R =

F ig u re

1.

D e riva tive s

of

O p tic a lly

A c tiv e

<CH2)2
(CH2)3
(CH2)4
POOH

B in a p h th o ls

Photoresolution of 1.3-DiDhenvlallene f16^
The first substrate we

investigated was 1,3-diphenylallene

(16). The molecule is chiral, and triplet sensitization should result in

11
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rapid interconversion of enantiomers. Optically active 16 was first
synthesized by Jacobs and Danker in 1957, albeit with low optical
yields.17a The optical purity was greatly increased by Jones ef al.,
who isolated the allene with a large rotation, [a]2°D +1020<U7b The
absolute configuration was determined to be (S) by Mason and Vane
from electronic absorption and circular dichroism spectraJ7c Soon
thereafter, Rossi and Diversi, succeeded in synthesizing the (R)
isomer with [a p o D -1137°,
successive

after asymmetric

hydroboration

and

recrystallizations.i7d

Irradiation of 1,3-diphenylallene (16) and sensitizer 10 w a s
conducted

in degassed

solutions

of hexane,

using

a Rayonet

apparatus equipped with 350 nm lamps. Extended irradiation of the
solution was required in order to observe a measurable rotation.
After ten hours of irradiation, no optical rotation could be observed.
After 42.5 hours of irradiation, however, a small, yet measurable
rotation,

[cc]2 0 d + 7 . 4 3 ,

was obtained (Scheme 10). This corresponds to

an e.e. = 0.66%. Attempts to increase this number by lowering the
temperature (-40° C), were unsuccessful.

Sens 10

1 6

hv, 254 nm

16

Pen = 0 .6 6 %

Scheme

10

Photoresolution of 1,3-Cvclooctadiene f17)

cis,trans- 1,3-Cyclooctadiene

(17) has been known for some

tim e; 18 it is also chiral. In spite of its long existence, no resolution
of the enantiomers had been reported until 1985, when Sandstrom e t

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

al. achieved separation using chromatography on microcrystalline
triacetylcellulose.19 About the same time, Inoue et al. reported the
photochemical interconversion of the cis-cis

and cis-trans

isom ers

at a variety of different wavelengths.20 This led us to believe that
energy transfer to 17 with chiral sensitizer 10
result in formation of optically active

could

possibly

18. Additionally, the low

triplet energy of 17 should allow for efficient energy transfer.
Indeed,

irradiation

of diene

17

and

sensitizer

10

in a

thoroughly degassed solution of pentane, led to optically active 18,
with [a] 2 oD + 6 .1 8 ° (Scheme 11). Based on the data from Sandstrom e t

al., this represented a 0.95% e.e.19 In this case, however, as the
temperature of the medium was lowered, the rotation increased
substantially. At -4 5 0 C the optical rotation was [a ] 20 D + 2 2 .3 2 0 , and
at

- 8 O0 C it was

[a ] 2oD + 7 3 . 2 0 . This represents 11.3% e.e., and

suggests that at even lower temperatures, higher optical induction
may be achieved.

Sens 10

[< x ]2 0 d

------------hv, 254 nm

= 73.2°

Pon= 11.3%

-8 0 °C
1 7

Scheme

18

11

In order to investigate the reaction further, the concentration
of starting diene was increased to

where 80% of the singlet state

of sensitizer 10 was quenched. In theory, the measured rotation of
diene 18 should decrease. Indeed, irradiation at -600 C results in a
significantly

smaller rotation,

[a ]2oD + 6 .860. It is well known that

singlet energy transfer occurs over much longer distances; this

13
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would imply less discrimination, and lower optical yields. While this
result then, is not surprising, it is unprecedented.
As previously mentioned, optical induction presumably occurs in
the diastereomeric transition state for energy transfer. Once the
initial exciplex is formed, rotation about one double bond of the
diene

unit

rotation

brings

about

two

diastereomeric

exciplexes,

since

induces chirality in the twisted diene. Collapse of the

exciplex then, and decay back to the ground state of the diene unit,
yields optically active material. The lower the temperature, the
more discrimination is observed in the transition state, and hence,
the higher the optical yield.
Ehotoresolution of trans-1 .2-Diphejiylcyclopropane (1)
The

results

obtained

d ip h e n y lc y c lo p ro p a n e

from

irradiation

of

(1) and sensitizer 10

tr a n s - 1 ,2 -

were

puzzling.

Irradiation for periods up to 40 hours with a variety of light sources
produced

no

measurable

rotations

beyond

experimental

error

(Scheme 12). In fact, at the longest periods, only 3% of the c is
isom er

(through

which

enantiomers

are

interconverted)

was

produced! This low yield implies that energy transfer is vastly
inefficient. The result is unfortunate in view of the archetypal
disposition of 1.

Ph

Sens 1 0
Ph

1

Scheme

hv, 254
40 hr

Ph

Ph

Ph

only 3% formed
3

12

14
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.Conclusion
The initial goals of this project were the development of a
new chiral triplet sensitizer and its application to the area of
asymmetric organic photochemistry. The project was exploratory in
nature and is by no means complete. It is clear that a great many
more reactions warrant investigation to

explore fully

the potential

of this sensitizer. While the results surrounding 1,2-cyclooctadiene
(17) were impressive, those concerning allene 16 and cyclopropane
1 were obviously disappointing and warrant further investigation.
It is not immediately clear why
10, with both

allene 16, and

reactions of the sensitizer

cyclopropane 1, failed to achieve

higher degrees of optical induction. In the case of allene 16, it is
certainly

possible

that

energy

transfer

may

have

been

too

endothermic to permit efficient interconversion of enantiomers. It
is also possible that the system required much longer periods of
irradiation (e.g. 200 hours and up). fra/7s-1,2-Diphenylcyclopropane
1, however, has an unusually low energy radical-like triplet at
approxim ately

53

kcal/m ol.21 Energy transfer from the sensitizer

(57 kcal/mol) should be modestly exothermic; it was surprising
then, to observe such a low yield of the cis isomer, through which
enantiom ers

are

interconverted.

Again,

considerably

longer

irradiation times may be required.
Scheme 13 provides a list of some additional

substrates that

should be investigated to understand more fully the process of triplet
sensitization by 10. Currently, alkene 19 is being studied, but to
date has only resulted in small optical induction.22

15
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THE PHOTOCHEMISTRY OF ALLENES

Introduction
Allenes

constitute

the

class

of

hydrocarbons

which

are

characterized by a 1,2-diene unit. The last 30 years have yielded an
impressive array of experimental investigations on the physical and
chemical properties of the allene functional group. Because of their
unusual electronic structure and diverse reactivity, allenes have
held the focus of both theoreticians and experimentalists. The
ground state chemistry of allenes is well understood, and their
embracement by the synthetic community is amply documented.23
Surprisingly, not until the past two decades have the photochemical
properties of this functional group been studied with any great
d e ta il.
Many aspects of allene photochemistry now appear to be well
characterized; this is in part due to the efforts of our own research
g ro u p . Considerable

emphasis, devoted to characterization

and

mechanistic interpretation of both singlet and triplet processes, has
led to an increased understanding of this functional group. It is
clear, however, the observed reactions vary greatly, depending both
on structural modifications of the allene, and reaction conditions.
The purpose of this chapter is to present the results of both
experimental and theoretical studies focused on the mechanism by
which triplet excited state allenes react in the vapor phase. No
attempt is made to review fully the field of allene photochemistry;

17
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rather, literature of direct significance is described. For a more
complete survey, the reader is referred to a recent review.24
Allene Singlet Photochemistry
The most efficient process in allene photochemistry is jc bond
rotation. This reaction is analogous to cis-trans isomerization in
simple alkenes. If the allene is 1,3-disubstituted, and thus chiral,
facile interconversion of enantiomers can be observed. Stierman and
Johnson

studied the

cyclononadiene
resulted in

photoracemization

(2 0 ).

of optically

active

1,2-

Direct and sensitized irradiation of 2 0

rapid decay of optical activity. In the direct irradiation

experiment, competitive rearrangement to cyclopropene 21 enabled
them to establish

k ra c /k re a rr

= 70, based on irradiations to partial

conversion (Scheme 14).25

nv

(S)-(-)

21
kracemization^rearrangement = 7 0

Scheme 14
Aside from k bond

rotation,

1,2-hydrogen

migration

is the

dominant process in the singlet photochemistry of allenes. In 1975,
Chapman reported on

irradiation of allene (22) in a matrix at 8 K. He

observed the formation of cyclopropene (23) and propyne (2 4).
Although Chapman initially considered cyclopropylidene (25) to be

18
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the intermediate, its independent generation from spirolactone 2 6
produced only allene (2 2 ).

Upon

irradiation

of

matrix-isolated

vinylcarbene (27), however, allene (22), cyclopropene (23), and
propyne

(2 4 )

were

all

p ro d u c e d . 26

This

result

im plicates

vinylcarbene (27) as a common intermediate (Scheme 15).

H2C = C = C H «

-----^

+

H2C = C — CHN2“ T37 * ~ h 2c =

c

22 + 23 + 24

— ch

9 7

H C = C —CH3

77°k

Scheme 15
Some years later, Johnson and Stierman investigated both
solution

and

vapor

cyclononadiene (2 0 ,
pentane produced

phase
Scheme

singlet

photoreactions

of

1,2-

16).25 Direct irradiation of 20 in

cyclopropene 21, cyclononyne (28), and

tricyclic

29 (ratio 94:3:3). The authors concluded the reaction may have
proceeded by a [o2a + n2a] concerted process. This conclusion was
based on the independent generation
intermediates, which

of potential vinylcarbene

yielded, in addition to cyclopropene 21, a

variety of other isomers. The concerted process involves both
simultaneous
formation.

migration of hydrogen (or carbon) and C i-C 3 bond

Deuterium labeling studies yielded kn/kp = 1.3 which

provided argument for the migration of hydrogen. 1,3-Hydrogen
migration to cyclononyne (28) is also observed as a minor process.

19
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The vapor phase chemistry of 20
complex

than

that observed

was considerably

in solution.

Irradiation

more

at shorter

wavelengths (185/254 nm) furnished a host of new structures in
addition to those observed in solution (Scheme 16).

Presumably,

some products may result from the population of higher energy
states produced by the shorter wavelength lamps.

o o-o-db
2 0

2 1

28

2H9

vapor

Scheme

16

Carbon

migration

has

also

been

observed

in the

singlet

photochemistry of allenes. Steinmetz and co-workers reported on
the

photochemistry of various

exocyclic a llenes.27 in all cases,

cyclopropene and propyne derivatives were formed; however, several
products, 30 and 31, were best described as resulting from 1,2carbon migration (Scheme 17). Perhaps the most interesting result,
however, is the formation of 32, which requires extrusion of a
carbon atom.
In summary then, the singlet manifold of allenes is marked
principally by 1,2-hydrogen migration, and simple it bond rotation.

20
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Additional mechanisms are also operative and appear to be both
highly substrate and reaction dependent.

=C=CH2

(CH

hv
iHb nm

(Cl-

\

-C = C H

+ (Cl

pentane
n = 3, 4, 5
= ch2

+

31

30

32

Scheme 17

Allene. Triplst-Photochemistry
The

earliest detailed

investigation

of allene triplet photo

reactions was reported by Ward and Karafiath in the late 1960s.28
They conducted

benzene sensitized vapor phase photolyses on

several allenic hydrocarbons, including 1,2-hexadiene (33), 1,2,6h e p ta trie n e

(3 4 ),

1 ,2 ,6 -c y c lo n o n a trie n e

(3 5 ),

and

1,2-

cyclononadiene (20).
Benzene sensitized photolysis of 1,2-hexadiene (33) led to the
formation of 3 6 , 3 7 , 3 8 , and 39

as

primary

photoproducts.28a

Biradical 40 was proposed to be the intermediate in the formation
of 3 7 , 3 8

(fragmentation)

and

36

(ring closure). The lack of

cyclohexene in the photolysate, however, led the authors to consider
a

con certe d

m echanism

bicyclo[3.1 .Ojhexane

(3 9 )

as

w e ll.

was suggested

The
to

fo rm a tio n

of

proceed through

intermediate cyclopropylidene 41, followed by insertion into a C-H
bond (Scheme 18).

21
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,penzene
| vapor

\

40

33

36

37

38

Schem e 18
Vapor phase benzene photolysis of 1,2,6-heptatriene (34) and
1,2,6-cycloheptatriene

(35) led to the sole formation of trienes 4 2

and 43, respectively. In both cases, no evidence for the formation of
triplet cyclopropylidene was observed. While the authors argued for
a photo-Cope rearrangement,
tization, a stepwise
more likely (Scheme

under conditions of triplet sensi

mechanism involving a planar biradical seems
1 9 ) . 28a,b

benzene
vapor
42

34

o

hv
benzene
vapor
43

35

Schem e 19
One of the more interesting results reported by Ward and
Karafiath was the smooth conversion of 1,2-cyclononadiene (20)
into

tricyclo[4.3.0.0.2,9]nonane

(2 9 ).

The

authors

suggested

22
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c y c lo p ro p y lid e n e

44

as

a

potential

intermediate.

Hydrogen

abstraction by 44, followed by intersystem crossing and subsequent
insertion,

provided the most economical route to 29 (Scheme

2 0 ) 28a,c

O - s is .0

0 sd b * d >
46

4 7

Scheme 20
Nearly fifteen years later, Johnson and Stierman provided a
more detailed analysis of the mixture from the vapor phase benzene
sensitized photolysis of

2 0 .2 5

|n addition to reported tricyclic 29,

three minor isomers were isolated and characterized as 45, 46, and
47.

Two potential intermediates were considered to be accessible

from the triplet excited state of 20

(the

energetics

of triplet

energy transfer permit the formation of either): planar triplet allene
48, and triplet cycylopropylidene 44.

Reaction pathways leading

directly to products may be drawn from either intermediate (Scheme
21); the only difference being the timing for formation of the threemembered ring.
The authors envisioned biradical 49 as the logical progenitor to
alkenes 46 and 4 7 . Convincing evidence for the existence of this
species came from its independent generation by flow vacuum
thermolysis. Passage of tricyclic 29 through a quartz tube resulted
in

the

isolation

of

both

alkenes

in a near-statistical ratio. Either

23
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Co
a>co

O
45 H

46

47

Scheme 21
mechanism, however, may explain the formation of biradical 49. The
authors concluded, "the most straightforward interpretation is that
a duality of mechanisms exists."
Strong evidence for the intermediacy of triplet cyclopropylidenes
in the

vapor phase

comes from

the

remarkable collection

of

tricyclics observed upon triplet sensitization of 1,2-cyclodecadiene
(50, Scheme 22). These strained isomers almost certainly arise from
both cis and trans isomers of 51; however, small amounts (< 2%
each) of alkenes were isolated as w ell.29 What is most interesting
about this reaction is its low selectivity, which implies minimal
geometric requirements in the transition state. A more detailed
discussion of this observation will be presented in a forthcoming
section.
trip le t

Theoretical studies {vide infra) on hydrogen abstraction by
C3H 4

interm ediates,

suggest

cyclopropylidene

(5 2 ) is

remarkably insensitive to approach angle for hydrogen abstraction.

24
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H
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Schem e 22
Several investigations of solution phase triplet allene photo
reactions have also appeared; these demonstrate the surprising
phase dependence of triplet reactions. W hile the vapor phase
reaction of 1,2-cyclononadiene (20) produces tricyclic 29 in high
yield, Gilbert et al. reported that solution phase reactions produce
exclusively

cycloadducts

53 and 54 (Scheme

2 3 ).3 o

Upon more

careful examination, however, Johnson and Stierman observed small
quantities of 29 as well as 2% of an unidentified isomer.25 Through
studies with optically active 20 , they determined

k ra c / k re a rr

= 60;

thus as in direct irradiation, n bond rotation is the most facile
triplet process in solution.

hv

O
20

"bsnzsnr

+ 29

solution

5 3

5 4

Schem e 23
Johnson and Price reported on the solution phase irradiation of

25
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1 -fe rf-b u tyl-1 ,2 -cyclo o cta d ie n e

(55).31

In contrast to the above

result, the reaction is remarkably efficient, yielding diene 56 and
bicyclic 57 in 79% overall yield (Scheme 24). The reaction proceeds
through

diradical

58 which

results from abstraction of a hydrogen

vapor

59

59b

solution

58

Scheme 24
at C-7 by the planar triplet species 59. The vapor phase chemistry
of 55

presumably involves the same intermediate 59;

abstraction
authors

at tert-butyl,

proposed

followed

that the

by

insertion,

however

yields

60. The

low pressure vapor phase

reaction

involved a vibrationally "hot" triplet species, and thus follows a
higher energy pathway (abstraction to give the least stable diradical
5 9 b ),

while

in solution,

a vibrationally

"cold" triplet is

more

selective.
In an attempt to further understand the triplet reactions of
allenes, Johnson and Stierman established state correlations for
planar allene and cyclopropylidene.25 Along Cz pathways, T i of allene
correlates with a planar C2v minimum, while T2 correlates with
triplet cyclopropylidene. Since vertical T 1 and T2 allene are not
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accessible via energy transfer with benzene (3B2U. 3.66 eV), they
suggest a short lived exciplex is responsible for nonvertical energy
transfer to either planar allene (3A2, 2.22 eV), or cyclopropylidene
(3Bi, 3.4 eV). Furthermore, they expect the more exothermic process
to dominate in solution (3B 2u-> 3A 2); this results principally in n
bond rotation. The observed cycloaddition chemistry presumably
arises from interaction of excited state benzene with allene.
In summary, the vapor phase reactions of triplet excited state
allenes, appear to be governed principally by hydrogen abstraction.
Depending on the substrate,
intermediacy

of

either

trip le t

arguments can be made for the
cyclopropylidene

(5 2 ) or planar

triplet allene (61). The solution phase triplet photochemistry of
allenes results predominantly

in cycloaddition chemistry, and n

bond rotation.
One goal of this project was to probe more thoroughly the
mechanism by which triplet allenes react in the vapor phase. Both
theory and experiment were called upon to achieve this goal. We
first investigated hydrogen

abstraction

in two allenes

in which

potential geometries for hydrogen abstraction were well defined.
Through characterization of the products, we hoped to understand
more completely the role that cyclopropylidene (52) and bent planar
allene (61) play in the triplet chemistry of allenes (Figure 2).

6 1

5 2

Figure

2.

C yclopropylidene

(52)

and

planar

trip le t

allene

(61)

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Additionally,

we

conducted

an

ab

initio

study

of

hydrogen

abstraction by both triplet cyclopropylidene (52) and planar triplet
allene (61) to estimate the

activation energies, and investigate

geometric factors for these processes.
Another goal of this project was the implementation of natural
abundance deuterium NMR in studying the kinetic isotope effect for
the

photorearrangem t

(2 0 ) to (2 9 ).

The

project

was

partly

exploratory in nature, designed to ascertain the usefulness of the
technique

itself,

while

providing

further insight into the triplet

sensitized vapor phase photochemistry of allenes. Additionally, we
hoped to synthesize c/s-6,7-dideutero-1,2-cyclononadiene

(62) as a

further mechanistic probe.

Triplet_VapQL Phase Photochemistry of 1.2-Cvclohexvlallene (63V
ancLVinylidenecvcloheptane (64)

Exploratory Triplet Photochemistry
In the present study, two C9H 14 isomers, 63 and 64, were
chosen for the investigation of triplet reactions; these are shown in
Scheme

25.

These

allenes

can

presumably

react

via e ith e r

cyclopropylidene or planar triplet intermediates. Exclusive reaction
through one or the other should result in isolation of very different
products. Hydrogen abstraction by cyclopropylidene intermediates
should result in a preponderance of tricyclic structures (Scheme 25).
By contrast,

reaction

through

either planar triplet

biradical

is

expected to yield principally bicyclics. Analysis of the products
should thus distinguish

effectively between these two potential

pathways.
Synthesis of the two starting allenes 63 and 64 by the classic

28
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Doering-Moore-Skattebol approach led to some unexpected results.
In one case, cyclohexyl-1,2-propadiene32 (63)
prepared

from

commercially available

dibrom ocarbene

addition

and

was

conveniently

vinylcyclohexene

subsequent

ring

(65) by

opening

with

methyllithium at reduced temperatures (Scheme 26). An analogous
approach to vinylidenecycloheptane33 (64), however, resulted in the
formation of

a substance characterized (vide infra) as tricyclic 6 6

(60%), as well as the

desired
Br

allene

64 (40%). An alternative

Br

MeLi

KOtBu
CHBr3

-30°C

6

'

6

6

63

Br

s

Br
MeLi

KOtBu
CHBr3

+

-30°C

-

64

HO.
:=c h

Zn/Cu
EtOH

ci
HCI
NH4 GI

CuCI

Scheme 26
ap pro ach,

ad apted

fro m

th e

re p o rte d

s y n th e s is

of

v in y lid e n e c y c lo h e x a n e ,3 4 resulted in the efficient preparation of 64.

Samples of both allenes were further purified by preparative GLC
(>99%) prior to photochemical studies.
Characterization of tricyclic 66 proved extremely difficult, due
in part to the rapidity with which it decomposed. Additionally,
separation of tricyclic 66 from allene 64

was impeded by their
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similar retention times. Finally, pure material was obtained from
preparative GLC using QF-1 as the mobile phase. Spectral data for
66 include two broad singlets in the 1H N M R at5 0.51 and 5 0.79 and
two resonances in the 13Q NMR at 8 2.61 and 8 14.50, all indicative of
the bicyclobutane

unit contained

in 66. Homonuclear 2-D NMR

provided the connectivity information for further characterization.
The spectrum of 66 is shown in Figure 3.
The formation of tricyclic hydrocarbon 66 was unanticipated,
but not without precedent. As early as 1961, Moore and co-workers,
while

attem pting

isolated

the

synthesis

of

tricyclo[4.1.0.02,7]heptane

1,2-cycloheptadiene

(6 9 ),

(68) from the methyllithium

promoted carbenoid cyclization of dibromide 67. This presumably
results from insertion into a proximate C-H bond (Scheme 27).35

(X

MeLi
-35°C

0
68

67

o
6 9

Scheme 27
Some brief attempt was made to characterize the chemistry of
66. Reaction of bicyclobutane derivatives with
well

studied

process

that

leads

to

silver catalysts is a

predictable

rearrangement

p ro d u c ts .36 Exposure of bicyclobutane 66 to silver triflate in dry
benzene

led

to

the

bicyclo[5.2.0]non-1-ene
were isolated

formation

of vinylcycloheptene

(7 9 )

and

(80, 50:50) in 64% yield. Both compounds

by preparative GLC and characterized by comparison

of spectral data with those reported previously.37.33 Bicyclic 8 0
probably

results

from

further rearrangement of initially

formed

32
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bicyclo[5.2.0]non-1 (9)-ene

(81). This result provides additional

proof for the structure of 66 (Scheme 28).

81

Scheme 28
Benzene se.nsitized_vaQQC_p.hase irradiation of cyclohexvlallene (63)
Irradiation at 254 nm (0.02 mm Hg) of a vapor phase mixture of
cyclohexylallene (63) and benzene, afforded a complex mixture of
eight new products as determined by capillary GLC (Scheme 29). The
ratio

(Table

1) of these products varied greatly depending

on

irradiation time; this indicated that secondary photochemistry was
occurring. Attempts to separate all of the products by preparative
GLC were met with limited success, due to the similarities of
retention

times.

1,3,8-Nonatriene

(82), and bicyclics 45 and 8 3

were isolated and their structures were unambiguously assigned by
comparison of spectral data with those previously reported.37
Complete characterization of the collection of bicyclo[3.2.01heptanes 84, 85, and 86 proved extremely difficult because of their
similar retention times. The separation of one isomer, however,
allowed it to be identified spectroscopically as a member of the
above series.

Spectral data for the separated

isomer (it was

impossible to determine from spectroscopic data which of the three
isomers 84, 85, or 86 was isolated) include a ddd and a multiplet in

33
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the 1H NMR at 8 6.02 (1H) and 8 4.91 (2H) respectively; both are char-

hv, 254
benzene
vapor

Scheme

H

H

H

8 4

8 5

86

29

ecteristic of a vinyl group. Furthermore, multiplets at 8 2.63 (1H)
and 8 2.32 (1H), assigned to the bridgehead hydrogens, provide
support for the bicyclo[3.2.0]heptane backbone. The is c spectrum of
the isomer showed nine resonances. Two resonances at 144 and 111
ppm provide further evidence for the presence of a vinyl group. The
two remaining isomers showed similar patterns in the vinyl region.
One isomer displayed a ddd at 8 6.00 and a multiplet at 8 5.05, while
the other showed a ddd at 8 5.82 and a multiplet at 8 4.98.
The remaining component 87, while consistently detectable by
capillary GLC, was never isolated in a pure enough form to make a
reliable assignment.
Benzene_. sensitized, yaoor ..phase

irradiation

of

vinvlidene-

cvcloheptane (64)
Irradiation at 254 nm (0.02 mm Hg) of a vapor phase mixture of
benzene and vinylidenecycloheptane (64) for periods up to 20 hours
resulted

primarily

in

the formation

of

polymer.

Irradiation

for

shorter times (e.g. 1 hr.), led to no products which could be observed
by capillary GLC or NMR analysis; starting material was recovered
unchanged (Scheme 30).
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vapor
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64

Scheme 30
Benzene Sensitized Solution Phase Irradiation of Cvclohexvlallene
f631 and Vinvlidenecvcloheptane (641
Irradiation

of

either

cyclohexylallene

(6 3 )

or vinylidene-

cycloheptane (64) in degassed benzene solutions at 254 nm yielded

benz/sol

NO PRODUCTS BY
GC/NMR

6 4

Schem e 31
no products observable by capillary GLC or NMR. These solutions
could be irradiated for periods up to 48 hours with complete
recovery of starting material (Scheme 31).
Discussion of benzene sensitized vapor phase irradiation of cvclo
hexvlallene (63)
In the benzene vapor phase irradiation of cyclohexylallene (63),
we considered two intermediates to be directly accessible from the
triplet excited state of 63: triplet cyclopropylidene 88, and planar
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triplet allene 89. In theory, pathways to all products may be drawn
from either species. Both pathways will be discussed below.
Table 1 shows the relative percentages of products observed at
various

Table
of

conversions.

At

the

lowest

conversion (4.5%), triene

Irradiation time
X conversion

82

84

85

86

83

45 sec
4.5X

45.8

21.9

12.3

10.8

2.30

2.89

3.00

4 min
1 1X

19.1

40.2

19.2

8.90

4.75

3.03

4.80

30 min
31 %

10.1

49.4

18.9

6.20

5.00

5.20

5.20

1 hr
43*

5.50

55.9

18.7

4.08

5.60

4.40

6.46

1. Relative

Percentages of Products

82

45

From

Irradiation

Cyclohexylallene

(6 9 %trans, 31% c/s, as determined by 1H NMR) constitutes almost
50% of the photolysate; at the highest conversion (42.5%), it drops
to 5.5%. Meanwhile, the relative percentages of compounds 45, 8386 increase steadily. These data implicate the primary nature of
triene 82, while suggesting that the remaining compounds may all
be secondary.

In fact,

it seems likely that a series of triplet

sensitized [4+2] and [2+2] reactions from triene 82 may explain all
of the observed secondary chemistry.
The solution phase, triplet photochemical reactions of alkenes
and

dienes38

characterized;

have

been

however,

extensively

studied

and

are

their vapor phase counterparts

well

remain

poorly understood. We believe the most direct approach to the
formation of bicyclics 45, 83-86 should involve triplet sensitized
[4 + 2] and [2 + 2] reactions of triene 82. Direct light absorption by
triene 82 seems unlikely as it does not efficiently absorb light in
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this

region

(254 nm).

Reaction

through

W
82

Schem e

state of

H

H

H

H

H

H

85

86

84

A

a triplet excited

\
H

H

45

83

32

triene 82 would presumably be stepwise; this accounts for the large
collection of
Additionally,

bicyclo[3.2.0]heptanes 84-86 observed in the reaction.
it is unlikely that bicyclics 45 and 83

(for which

unequivocal proof of existence has been demonstrated) could be
formed by any other pathway (Scheme 32).
The question still remaining is the precise mechanism by
which triene 82 is formed. In theory, either mechanistic pathway
shown in Scheme 33 may explain the observed formation of 82.
Along one pathway, sequential energy transfer, n bond rotation, and
hydrogen abstraction yield diradical 90. After intersystem crossing,
this diradical can open forming 8 2 .

Alternatively, closure first to

cyclopropylidene 88, followed by hydrogen abstraction, and opening
of

the

resultant

cyclopropyl

radical

91 ,

yields

the

same

intermediate 90. A third possibility is that 88 may open to planar
allene 89 (Scheme 33). Ring opening in these last two cases is
expected to be exothermic due to relief of cyclopropyl strain;
however, both reactions probably have modest barriers.39

37
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6 3

88

9 1

Scheme 33
The strongest evidence against the initial formation of 88 is
the absence of any identifiable tricyclic photoproducts. In theory,
three possible isomers could be formed. All involve initial hydrogen
abstraction yielding a diradical, followed by intersystem crossing,
and subsequent closure to the tricyclic. Dreiding models indicate
that the diradical precursor to tricyclo[3.3.1.02.4]nonane (92) should
be easily accessible from a chair conformation of 88 (Scheme 34).
Likewise, the precursor to tricyclo[4.3.0.07,9]nonane 93 appears
accessible from a chair conformation; however, in this case, models
indicate a bonding distance of = 2.3A. The precursor to tricyclo[3.2.2.02.4]nonane (94) requires hydrogen abstraction from a boat
conformation, which is considerably higher in energy, making this
pathway

less

attractive.

After partial

separation

of the

crude

photolysate by GLC and comparison of spectral data with those from
the literatu re,40 no evidence for any tricyclic product could be found.
Specifically,

the

high

field

resonances characteristic

of cyclo

propane ring hydrogens were absent in the 1H NMR.
The most logical precursor to biradical 90, then, appears to be

38
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planar triplet species 89. Dreiding models indicate that bent 89 is
positioned well to abstract a hydrogen from the C-3 carbon (= 1.oA),
resulting in the formation of biradical 90. This presumably occurs
through a chair conformation in which the substituent occupies the
axial position. The absence of any other products derived from
biradical 90

is attributed to the ease with which 1,4-biradicals

fragm ent

dienes.

to

Additionally,

bicyclo[3.3.1]non-2-ene

closure

of

biradical

90

to

(95) requires rotation of the allyl radical;

Sustmann et al. have determined

this process to have an activation

energy of « 15.7 kcal/mol, which may be sufficient to preclude this
process (Scheme 35).41

L
ring open

1,6-abstr

89

Sens

Cis

0
- 15.7 kcal

1,6-closure

d

>

95
Scheme 35
To further investigate the process of hydrogen abstraction by
cyclo h e xyla lle n e

(6 3),

we explored

its thermal

chemistry.

In

principle, two retro-ene reactions are possible: the first involves
fragmentation to cyclohexene (95b) and propyne (24), the second
involves ring opening to

triene 82. Both modes may be described as

40
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symmetry allowed [o2 + o2 + *2] six electron processes. Passage of
allene 63 through a quartz tube at 610° C (0.02 mm Hg) resulted in
the formation

of products

shown

in Scheme 36. All of these

compounds (except propyne 24) were isolated by preparative GLC and
their structures unambiguously assigned by comparison of spectra
with

those

reported

5 6 0 0 C), triene 82

At the lowest conversions (7 % ,

p re v io u s ly .3 7

constituted 48% of the observed

products,

indicating the relative ease with which it is formed. Bicyclics 4 5
and 83 are secondary products, both arising from well-precedented
intramolecular Diels-Alder reactions. The 2:1 ratio for 45 and 8 3
respectively,

agrees

well

with

data

for

the

thermolysis

of 82

--0
2 4

95b

H

H

- C O — CO
98

97

9 6

Schem e 36
generated by an alternate route.*2 Bicyclic 97 probably results from
intram olecular hydrogen

abstraction

of biradical 96 followed by

closure. The subsequent loss of H2 yields 98.

41
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Discussion -Ql. benzene

sensitized

vapor

phase

irradiation

of

vinvlidenecvcloheptane (64)
The total lack of reactivity observed with allene 64 can only be
attributed to its inability to abstract a proximate hydrogen from one
of the methylene carbons. Dreiding models indicate that neither
intermediate, the cyclopropylidene 99 or the planar allene 100, is
particularly well suited for this process to occur.

Cyclopropylidene

99 appears capable of hydrogen abstraction from C-4; however,
models indicate the distance to hydrogen abstraction is « 1.7A, as
measured from the twist-boat conformation. The lack of observed
reactivity with

planar intermediate 100 is directly attributable to

hv, benzene
vapor

NO HYDROGEN
ABSTRACTION

Schem e 37
the

geometry

of the

half-filled

p-orbital

at C-2.

Formation

of

intermediate 100 (through bending and twisting) requires that this
orbital be almost orthogonal to any abstractable hydrogens (Scheme
37). Thus, while it appears likely that intermediate 100 is formed,
it

is

very

unlikely

that

hydrogen

abstraction

and

subsequent

reactions are possible. The next higher homologue in the series,
vinylid e n e cyclo o cta n e ,

enjoys

much

g re a te r

conform ational

mobility; however, this system was not examined. It is interesting
to note that the carbenoid, formed in the generation of allene 64 by

42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

the

Doering-M oore-Skattebol

insertion

into

tricyclic 6 4 .

neighboring

C-H

approach,
bond

allow s

(Scheme 26)

fo r

efficie nt

resulting

in

The carbenoid is therefore large enough to allow

adequate overlap for insertion to take place.
The observed photochemical inertness of allene 64 was para
lleled by its thermal chemistry. Passage of allene 64 through a
quartz tube at 680° C (0.02 mm Hg) resulted in quantitative isolation
of starting material; no observation of any retro-ene products could
be observed in the pyrolysate. At 705° C, lower molecular weight
molecules were observed by GC-MS. These compounds presumably
arise through alpha cleavage and subsequent fragmentation (Scheme
38). No attempt was made to characterize these fragmentation
products.

Hopf

et al.

investigated

the

thermal

chem istry

of

vinylidenecyclohexane (and related compounds), and found that it too
required harsh conditions (760° C) before isomerization occurred;
the pyrolysate contained only aromatic species.43

fragmentation

Lower molecular weight
compounds

64

Schem e

38

Discussion of Benzene Sensitized Solution Phase Irradiation of Cvclohexvallene (63V and-V invlidenecvcloheptane (641
Irradiation of 63 or 64 in benzene solutions at 254 nm yielded
no products observable by capillary GLC or NMR. This result is in
contrast to those reported by Gilbert et al. for irradiation of parent
allene 22 and 1,2-cyclononadiene (20) under similar conditions.so

43
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They reported the formation of two benzene cycloadducts, albeit in
very low yields, and only after extensive irradiation. The general
inertness of triplet allenes in the solution phase is best attributed
to the rapid spin inversion of the planar biradical geometry 61
(Figure 4). Ab initio MCSCF calculations on 61 indicate a singlet
ground state and a small singlet/triplet gap.44

61
Figure

4.

P lanar trip le t

allene

(61)

Conclusion
The triplet photochemistry of cyclohexylallene (63) shows a
remarkable phase dependence. Vapor phase reactions of 63 are best
described as resulting from the planar triplet species 89; none of
the

p ro d u cts

is

c o n s is te n t

w ith

the

in te rm e d ia c y

cyclopropylidene 88 unless the opening of 88 to 8 9

of

is facile. In

solution, 63 is presumably formed, however, rapid spin inversion
through intersysten crossing results in singlet 63. One explanation
is that low pressure vapor reactions of 63 involve a vibrationally
"hot" triplet species which follows a higher energy pathway; in
solution, a vibrationally "cold" triplet quickly relaxes to the ground
state.31
The total lack of reactivity observed by triplet 64 in the vapor
phase presumably is a result of its inability to abstract a proximate
hydrogen.

Because

cyclopropylidene

99 appears to be the only

species capable of hydrogen abstraction, its formation is clearly in
question. The data seem more consistent with the formation of a

44
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planar triplet species 100 which

is simply

unable to abstract a

hydrogen, and therefore, undergo further reaction. The solution phase
triplet chemistry is more easily rationalized in view of the above
result. Rotation to a planar triplet allene 100 results in a species
which is incapable of hydrogen abstraction; spin inversion then,
simply yields the starting allene 64.

Ab Initio Study_of Hydrogen Abstraction bv Triplet
Cyclopropylidene (52) and Planar Triplet Allene (61 >
Introduction
Hydrogen atom abstraction

is a common reaction of triplet

excited states, and odd electron species, such as carbenes and
Triplet excited state photoreactions of simple allene

r a d ic a ls .45,46

(1,2-propadiene)

derivatives

are characterized

predominantly

in tra m o le c u la r

hydrogen

a b s tra c tio n

p ro xim a te

at

by
C-H

b o n d s .24,28 b,47,48,25,31 These reactions were first investigated during

the 1960s by Ward and Karafiath, who proposed two intermediates
(Figure 5): triplet

cyclopropylidene

and

5.

allen e

and

planar triplet

C y c lo p ro p y lid e n e

allene

22

61

52

F ig u re

(52)

(52),

p la n a r

tr ip le t

a lle n e

(61)

(22)

(6 1 ).28b These can result from allene (22) through either k bond
rotation and closure, or rotation and bending, respectively.
w ell

studied

case

of

1,2-cyclononadiene

(2 0 ,

Scheme

In the
39),

45
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intramolecular hydrogen abstraction by either 44 or 48 can lead to
the observed products.28b.25

benzene
vapor

48

Scheme 39
Allene

trip le t

states

se n sitiza tio n . 24 ,28 b.47 ,48 ,25 ,31

usually are

generated

by

benzene

Allene T i and T2 (4.3 and 4.9 eV 49 ) |je

above the 3.66 eV triplet energy of benzene, which indicates that
energy transfer to allene must be "nonverticar.so Thus 52 and 61,
which are lower energy (ca 3.4 and 2.2 eV, respectively) minima on
the triplet

C3H4

surface,25,48 are logical intermediates in these

reactions.
Cyclopropylidenes have resisted matrix isolation attempts and
remain relatively poorly characterized among carbenes.si
52

Singlet

is predicted to undergo ring opening to allene, with a barrier of

12-14
from

kcal/m ol.52

The ground state multiplicity of 5 2 is not known

experiment, but recent ab initio studies

ground state, with

a singlet-triplet gap of 12-15 kcal/m ol. 2 5 , 48,52

For allene, pi bond rotation
has been predicted

predict a singlet

results in a planar triplet (61), which

to have a bent structure,53 and to lie ca 1 eV

below triplet 52.25,48,52b This diradical is electronically similar to
a triplet carbene, except that the pi nonbonding orbital will have a
node at C-2.

MCSCF calculations on diradical 61

predict a singlet

46
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ground state, with

a singlet-triplet gap of 4.8 kcal/m ol.54 This

small singlet-triplet gap undoubtedly contributes to a short lifetime
for 6 1 .

Ab initio calculations predict a 23.7 kcal/mol barrier for

opening of triplet 52 to 61.52b
Experimental studies indicate that reaction mechanisms are
quite dependent on structure.24,28b,47,48,25,3i in the case (Scheme 39)
of 1,2-cyclononadiene,28b,25,48 Stierman and Johnson isolated minor
reaction

products

which

seem

best

derived

from

a

common

1,3-biradical; this implies late formation of the three membered
ring, and hydrogen abstraction by 48 rather than 44. Other acyclic
examples do not require cyclopropylidene formation.28b,47 Recent
studies by Price and Johnson on a t-butyl-1,2-cyclooctadiene also
argue against a cyclopropylidene (vide supra).29 Compelling evidence
for a triplet cyclopropylidene
1,2-cyclodecadiene.25

is provided

by the

reactions

of

in this case, the remarkable array of strained

tricyclic products seems most consistent with stepwise reaction
and initial three membered ring formation.
this

reaction

is

its

low

selectivity,

What is puzzling
which

im plies

about
minimal

geometric requirements for hydrogen abstraction.
Described

here

are

the

results of ab initio calculations on

eq. (1)
5 2

101

102

H
eq. (2)
61

the hydrogen

abstractions

1 03

depicted

in

102

equations (1) and (2).

Our

goals were to determine the relative activation energies for these
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fundamental reactions, the saddle point geometries (SP1 and SP2),
and their sensitivity to approach angle of the hydrogen.

Computational Methods
Hartree-Fock (UHF and RHF) and Moller-Plesset calculations were
performed with a standard VAX version of GAUSSIAN 8 2 .5 5

Most

calculations reported are at the UMP3/6-31G7/UHF/3-21G le v e l.5 6
G eo m etries
constraints.

w ere

optim ized

M ulticonfiguration

w ith in
SCF

a p p ro p ria te

(MCSCF)

sym m etry

calculations

were

performed with GAMESS.57
Geometries for triplets, doublets, and saddle points were taken
from UHF/3-21G calculations. A final single point calculation was
then performed at the MP3/6-31G* level.56
reactants ( 5 2 , 6 1

Geometric data for

and CH4 ) and products ( 1 0 1 - 1 0 3 )

were either

taken from, or agreed well with previous calculations.56
( 1 0 2 ) and allyl ( 1 0 3 )
s y m m e tric a l

radicals

s tru c tu re s ,

are

w h ile

predicted

to

have

c y c lo p ro p y l

Methyl
planar,

(1 0 1 )

is

p yra m id a lize d 56a (38° out of plane bending at C-1) with a low
barrier to planarity.39b

Triplet species 5 2 and 61 are predicted to

be bent by 63.4° and 137.40, respectively. Saddle points for hydrogen
abstractions were located approximately by initial reaction

path

calculations and then more rigorously characterized as points having
a single imaginary frequency.
Results of Calculations
Total energies for reactants, products, and saddle points are
summarized in Table 2.
potential

energy

Relative reaction energetics and schematic

curves

depicted in Figure 6.

at

the

UMP3/6-31GV/3-21G

level

are

Table 3 provides a summary of calculated

activation energies and reaction energies.

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 2

Summary of Computational Results
Total Energies (hartrees)a

species

HF/.3.-21Q____ HF/6-31G*

MP2/6-31G*

MP3/6-31G*

(3B2)

-115.11324

-115.76955

-116.10973

- 1 1 6 .1 3 4 9 6

61 (3A2)

-115.17110

-115.81588

-116.14067

- 1 1 6 .1 7 1 7 0

ch4

-39.97688

-40.19517

-40.33242

- 4 0 .3 4 8 4 4

ch3

-39.34261

-39.55899

-39.66864

- 3 9 .6 8 4 4 8

103

-115.82304

-116.46807

-116.80960

- 1 1 6 .8 4 1 4 4

101

-115.75660

-116.41500

-116.77686

- 1 1 6 .8 0 5 5 2

SP1b

-155.05734

-155.92735

-156.41481

- 1 5 6 .4 5 6 7 3

SP2

-155.11162

-155.97056

-156.44504

- 1 5 6 .4 9 0 1 7

1 0 4 (3 A')

-115.14252

-115.78737

-116.10044

-1 1 6 .1 3 2 8 1

52

(a) All calculations employed RHF of UHF wavefunctions and geometries optimized with
the 3-21G basis set.
(b) SP1 and SP2 are saddle points. See figure 7.

The

saddle point

structures

abstractions are shown in Figure 7.
with

the

abstracted

hydrogen and

fo r

these

two

Both are predicted to be linear,
four carbon

atoms

coplanar.

As indicated by the relative C-H distances,

points

slightly

lie

hydrogen

closer to reactants

than

essentially
the saddle

products.

This

is

consistent with the modest predicted exothermicities.
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Energetics (kcal/mol) predicted from
UMP3/6-31G* calculations

SP1

40

CH

30

SP2

20

AH r = -4.1
10

0

F ig u re

6

Table 3

Level of

Summary of Reaction Energetics (kcal/mol)

Predicted Activation Energies

Reaction Energies

Calculation---------------- S £j____________SE2_________ ea, m

eg. (2)

UHF/3-21G

20.6

22.8

-5.7

-1 1.1

UHF/6-31G*

23.5

25.4

-5.8

-1 0.5

MP2/6-31G*

16.0

17.6

-3.2

-3.2

MP3/6-31 G*

16.7

18.8

-4.1

-3.6
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H
h
H

H

SP1
F ig u re
by

7.

Saddle

p o in t

c y c lo p ro p y lid e n e

and

g e o m e trie s
p la n a r

fo r

SP2
h yd rog en

a b s tra c tio n

trip le t

a lle n e

level

employed,

predicted

16.7 kcal/mol

for triplet

Results and Discussion
At
barriers

the

highest

for

hydrogen

com putational
abstraction

are

cyclopropylidene (equation 1) and 18.8 for planar triplet allene
(equation 2).

Abstraction of a secondary hydrogen, as in cyclic

allene 20, should diminish this barrier by 2-3 kcal/mol.

Gordon has

recently reported a very comparable barrier of 17.9 kcal/mol for
hydrogen abstraction (equation 3) by triplet methylene.46d

eq. (3)

C H 2:

+

CH^

2 C H 3*

In one earlier study, Schaefer and co-workers predicted a
barrier

of

18-23

kcal/mol

for

this

reaction.460

BEB 0 4 6 f and

M IN D O /2 46g methods afford predicted barriers of 25.6 and 3.8
kcal/mol,

respectively.

Predicted

and

experimental

values

for

hydrogen abstraction by simple alkyl radicals (eg. CH3- + CH4) are
generally 10-20 kcal/mol.45.46 Our predicted activation energies are
probably too high by several kcal/mol.
51
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Based on our calculations, we conclude that the reactions in
equations (1) and (2) should have comparable activation energies and
exothermicities, and will follow essentially parallel surfaces. Both
are predicted to have a linear transition state.
Saddle point geometries such as these are of fundamental
interest, but we believe that more chemical significance should
attach to their sensitivity to geometric distortion.
hydrogen abstraction in 20

Intramolecular

or 1,2-cyclodecadiene29 must proceed

through a substantially nonlinear geometry.

Estimates of saddle

point "flexibility" are available for 52 and 6 1 .

Initial attempts to

locate the saddle point for 52 with a UHF/STO-3G wavefunction
gave two geometries, SP3 and SP4, both with a = ca 150°.

With the

3-21G basis set, both SP3 and SP4 (Figure 8) collapsed to the linear
SP2 geometry, however, both

were only 1.3 kcal/mol (UHF/3-21G)

higher than SP1. This result indicates that substantial out of plane
bending will have a very small effect on the saddle point energy.
Indeed, entropic differences might cancel these small differences in
enthalpy. As a consequence, intramolecular

H

8.

abstraction

abstraction or

H

SP3
F ig ure

hydrogen

4

's . .

H

H

STO-3G

SP4

G eom etries

fo r

H

H

c y c lo p ro p y lid e n e

in matrices may be insensitive to modest geometric

changes. We are exploring the generality of this observation for
other triplet carbenes. For planar triplet allene (61), we performed
similar calculations in which p was systematically varied,while the

52
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C1-H

distance

was

fixed

at

the

SP2

value.

At

the

UHF/3-21G//STO-3G level, relative energetics were: 0 = 180°, 0.0
kcal/mol; 1700, 1.6; 1600, 5.3; 1500, 10.6; 1400, 25.1.
indicate that hydrogen abstraction
sensitive to geometry.

These data

by 61 should be much more

These differences presumably arise because

the half-filled out of plane orbital in 52 is concentrated at C1,
while in 61, there is a node at this site.
Predicted activation and reaction energies (Table 3) are not
strongly dependent on the level of calculation.

It is remarkable that

the HF/3-21G calculation compares well to UMP3/6-31G*, which
requires ca.

50 times the computational effort for a single point.

One additional question is the existence of other triplet C3 H4
species.

We conducted a limited search using triplet MCSCF or UHF

wavefunctions.
collapsed to 61.

Intermediates

with

D2h, D2, or C2 symmetry all

In addition to % bond twisting (D2d C2 or D2d D2),

inplane bending (D2d
lowest triplet state

Cs) leads to substantial stabilization of the
of a lle n e .5 9 ,44

MCSCF

or

UHF

geometry

optimization, with restriction to Cs symmetry, gives a 3A' species,
best

characterized as 104 (Figure 9). Energetics of this species are

1 04
F ig ure

9.

B isected

allene

summarized in Table 2.

(104)

This structure is 18 - 24 kcal/mol above

61, and UHF/3-21G vibrational analysis gave a single imaginary
frequency.

We thus conclude that 104 is a saddle point for rotation
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of 61, rather than an intermediate. Martin, Yates, and Csizmadia
recently reported calculations on a 3A" (Cs) allene triplet state; this
is predicted to be much higher energy than 104 and hence seems an
unlikely

intermediate.so We find no computational evidence for low

energy triplet C3H4 intermediates other than 52 and 61.
Conclusions
Hydrogen abstractions by triplet cyclopropylidene (52) and planar
triplet allene (61) are predicted to have nearly identical activation
energies of <19 kcal/mol. Because of limitations in the quantum
mechanical model, these numbers are likely to be somewhat high.
Both

reactions are slightly

exothermic.

Predicted

barriers

are

similar to those of other free radicals and triplet carbenes. Our
results support previous conclusions that intermediates like both
52 and 61 are involved in triplet allene photoreactions.

Both saddle

points are predicted to have linear C--H--C geometries, however,
abstraction by cyclopropylidene is found to be quite insensitive to
out of plane bending.
fa c ility

and

This saddle point flexibility may explain the

rem arkably

unselective

intram olecular

hydrogen

abstraction in reactions of cyclic allenes.

Deuterium NMR Studies

During the 1960s, the application of deuterium NMR as a
mechanistic probe was first demonstrated. Today, the synthesis and
subsequent analysis of suitably labeled material provide a common
technique in the study of reaction mechanisms. To a much lesser
extent, natural abundance deuterium NMR has been used to achieve
similar results. One of the major goals of this project, therefore,
was the implementation of this latter technique in studying the
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kinetic isotope effect (KIE) for photorearrangement of 20 to 2 9
(Scheme 40). The project was partly exploratory in nature, designed
to ascertain the usefulness of the technique itself, while providing
fu rth e r

in sig h t

into

the

trip le t

se n sitize d

vapor

phase

photochemistry of allenes.

H(D)
hv
benzene
vapor

H
29

20
Scheme 40

The second principal goal of the project was the synthesis of
c/s-6,7-dideuterio-1,2-cyclononadiene

(6 3 ), a potential probe for

investigating the mechanism by which 20 photorearranges to 29 in
the triplet state. A detailed analysis of tricyclic 29

by deuterium

NMR, should theoretically allow for differentiation between the two
possible pathways displayed in Scheme 43.
Natural Abundance Deuterium NMR
Natural abundance deuterium

(2H) NMR spectroscopy has

received scant attention as a means of measuring KIE's in organic
reactions.

This

relatively

new

technique

should

become

more

routine, however, with the continued improvement of high field
instrumentation and availability of new multi-pulse techniques. The
experiments require considerably larger sample sizes because of the
low natural abundance (ca 0.015%) and sensitivity (0.00965) of 2H
relative to 1H; however, the technique offers a practical alternative
to labeled compounds which often require extensive preparation and,
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in biological systems, precise knowledge of label location in both
the starting materials and products.
Pascal

and

co-workers

first

employed

this

technique

to

investigate KIE's of several organic and biological systems.61 By
comparing the relative integrations between 1H and sh spectra for a
given system, they measured both primary and secondary effects. In
one example, which involved the insertion of a singlet carbene into a

C 02Me
+

Scheme 41
C-H (C-D) bond, they observed k^/ko = 2.2 (Scheme 41).61 in a more
dram atic

example,

the

dehydrobrom ination

of

(2-brom oethyl)-

benzene, they observed k^/ko = 7.9. Significantly, both values agreed
well with those obtained from labeled compounds. Moreover, they
demonstrated
"chemical

the

validity

history"

of

of this

compounds,

technique

in

specifically

assessing

the

n-propylbenzene

(105), formed from 1-phenylpropyne. Integration of the 2H spectrum
of 105 revealed a 3:0.6:0.6 ratio (expected 3:2:2) for the propyl
hydrogens: they attributed the observed isotope effect to at least
two steps in its chemical history.
Our group recently demonstrated the remarkable effectiveness
of this technique.62 Secondary isotope effects were determined at
m u ltip le

sites

in

benzonorbornadiene

the

di-rc- m ethane

(1 0 6 ) to tetracyclic 107

re a rra n g e m e n t

of

(Scheme 42). T h e

experiment should have permitted simultaneous determination of
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four isotope effects, however, line dispersion of the aromatic region
posed some difficulty for accurate integration of protons

H a

and

Hb-

Measurement of Hc and Hd yielded k^/ko = 1.31 and 1.40 respectively,
in good agreement with values previously reported by Paquette.63 It
is

believed

that

experimentaton

Hd

at

higher

fields

(500 MHz)

will

hv

0
H3C ^ C H 3
H bf

n°

Hf

106

Di-it-methane
rearrangement

107

Schem e 42
allow complete characterization of all four isotope effects, without
incorporation of a single, unnatural label.
investigation of Tricvclic 2 9 bv Natural Abundance Deuterium NMR
Triplet sensitization of 1,2-cyclononadiene (20) in the vapor
phase

results

(Scheme

43).

tra n sfo rm a tio n ;

predominantly
Two

in

pathways

presum ably,

abstraction from C6 yielding

the
have

both

formation

of

tricyclic

been

proposed

involve

in itia l

species 108

and

4 9 .2 5

fo r

29
this

hydrogen
Closure

of

diradical 108 or 49 would furnish the observed tricyclic 29, where
H c

is the abstracted hydrogen. Assuming this is the rate determining

step, regardless of the pathway traversed, observation of a primary
isotope

effect is

anticipated.

To

measure this effect, we obtained
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benzene
vapor

48

49

Schem e 43
natural abundance 2H NMR spectra of tricyclic 29. Through accurate
integration of the abstracted deuterium (Dc) versus other single
deuterium resonances in the molecule, we determined efficiently the
small, but measurable KIE associated with this process.
Synthesis

of tricyclic

29 has been previously described .28

Material used in NM R experiments was further purified by pre
parative GLC (>99.5%). A 1H NMR spectrum of the purified material is
shown in Figure 10. The resonances were confidently assigned by a
combination of NMR techniques (see Scheme 43 for numbering) on
both

substituted

Information

was

and

unsubstituted

derived

from

2D

29
COSY

as

described

below.

experiments,

methyl

substitution at C2 and Cg 0 H N M R ) 48 , deuterium substitution at C2
and Cg (2 H and 1H NMR)37, and deuterium substitution at C-i, C6, and C5
(1HNMR).

The 2H spectra were recorded at 55.30 MHz on a Bruker AM-360
Fourier transform spectrometer. The sample was prepared as a 1.3 M
solution in chloroform in 10 mm (o.d.) tubes. Spectra were obtained
using a 90° pulse angle and a 4-s pulse delay with CPD decoupling.
The spectrometer was run unlocked and spectra were recorded in
blocks of 1000 scans. The blocks were individually transformed,

58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 10. ’ h NMR of lricyclo[3.3.0.0]nonane
10
CVJ

5 9
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Figure 11. 2|

NMR of tricyclo[3.3.0.0]nonane

60
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phase and baseline corrected, then added in the frequency domain.
Peak areas from the added spectrum were obtained by digital
integration and the cut-and-weigh method. There was no significant
difference between these two methods.
The deuterium spectrum of tricyclic 29 is shown in Figure 11.
The broad resonance at 8 1.51

represents DC) the

abstracted

deuterium. Upon visual observation, the area under this resonance
clearly is considerably less than that of other single deuterium
resonances at 8 2.43, 8 2.23, 8 1.72, and 8 0.81.

Quantitative

measurements revealed the integral of transferred deuterium Dc was
0.56.

Multiple

integrations

by

both

followed by averaging, yielded

methods

described

above,

= 1.79 ± 0.11.

For hydrogen atom transfers involving linear transition states,
the observation of a large isotope effect indicates the transition
state is symmetrical, whereas a small isotope effect indicates it is
more reactant or product-like. In our case, the modest exothermicity
of hydrogen abstraction (15-20 kcal/mol) precludes interpretation
based on the symmetry of the transition state. Conventional wisdom
holds that isotope effects may also be interpretated in terms of the
lin e a rity

of

the

tra n sitio n

state.

This

was

dem onstrated

computationally in a classic paper by Moore O' Ferrall,6* but first put
forth by Lewis.65 In the work by Moore O' Ferrall, an isotope effect
of 7.9 was calculated for hydrogen atom abstraction in a linear
tra nsition

state

(180°).

When

the

transition

state

was

bent

substantially (60°) this value was reduced to 1.4.
Thus, we believe the observation of a small isotope effect
indicates the transition state for the conversion of 2 0 to 2 9 is
d is tin c tly

non-linear.

intermediates

M odels

indicate

th a t

both

po ten tial

49 and 48 must adopt conformations in which the

61
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transition states for hydrogen abstraction are bent. Therefore, it
becomes

impossible

to

distinguish

between

the

two

proposed

pathways on this data alone.
In summary, the implementation of natural abundance 2H NMR
in determining isotope effects has been demonstrated. The ability to
obtain KIE's without unnatural labels is a significant improvement
over previous methods, which involve the synthesis of labeled
compounds. While we did not use this technique for mechanistic
interpretation,

it

is clear

it would

offer a

nice

alternative

to

labeled compounds in this regard. The only practical limitations of
this technique are its low sensitivity, requirement for larger sample
sizes, and line dispersion, all of which may be overcome with higher
field

instrumentation.

Synthesis of c/s-6.7-Dideuterio-1.2-cvclononadiene

(63)

In the preceding section, two pathways for the conversion of
1,2-cyclononadiene

(20) to tricyclic 29 in the vapor phase triplet

excited state were

presented.

To investigate

more closely the

mechanism by which this transformation occurs, we undertook the
synthesis of c/s-6,7-dideuterio-1,2-cyclononadiene

(63) as a mecha

nistic probe. Conversion of labeled 63 to tricyclic 29d, and analysis
of the product by 2H NMR should, in principle, distinguish between
the two possible pathways.
To understand completely the merits of the experiment, a
closer

look

at

both

transition

states

is

necessary.

Hydrogen

abstraction by triplet cyclopropylidene 44 is presumed to take place
from two equally probable tub-shaped conformations (44a and 44b)
in which no choice between H or D exists (Scheme 44). Abstraction,
followed

by

insertion

should

yield

tricyclic 29d

with equal
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- J

HC(D)C

3

44a
or

SO -

d~ h

.

^ > -J 3

6 3

f

C t>
1 :1

29d

44b

Scheme 44
proportions of H and D at Ci and C6- Confirmation of this should be
readily achieved by 2H NMR. By contrast, abstraction by planar
triplet allene 48 requires that it adopt Cz symmetry in which H and
D are in identical and competing positions (Scheme 45). In this case,
a choice between both nuclei exists, and a primary isotope effect
(i.e. less 2H at Ci than at Cs) is anticipated.

D

O

HP)
,H

d b

63
29

48

Schem e 45
The most direct approach.to 63 is through MeLi promoted ring
opening of an appropriately labeled dibromoocyclopropane precursor,
namely, c/s-9,9-dibrom o-6,7-dideuteriobicyclo[6.1.0]nonane
Synthesis

of

111

should

be

(111).

accomplished through addition of
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110

111

Scheme 46
deuterium by one of several methods to alkene precursor 110.
Dibromide 110 may be

prepared by dibromcarbene addition to 1,5-

cyclooctadiene (109, Scheme 46).
The method chosen for addition of deuterium to 1 1 0

was

critical, as only cis deuteration was desired. Normal methods of
catalytic

reduction

invariably

result in

small

amounts

of anti

addition, exchange of hydrogens, and double-bond isomerization. To
avoid this, we chose diimide, which adds stereospecifically syn, and
without

isomerization.66

Dideuteriodiimide was generated from the addition of deuterio
acetic acid to dipotassium azodicarboxylate. Generation of deuterodiimide in the presence of alkene 110 resulted in anywhere from
10%-30% reduction. This yield was improved to 85% by performing
several reductions on the same batch. Separation of the reduced 1 1 1
from alkene 110 was accomplished by MCBPA oxidation of the crude
mixture, followed by passage through neutral alumina (pentane) to
remove the epoxide. In this fashion, 111 was obtained in 76% overall
yield

after

however,

distillation
indicated

it

(Scheme
to

be

47).
»

66%

Analysis

of

111

dideuterated

by MS,

and

34%

monodeuterated. Numerous attempts at eradicating the source of
hydrogen through the use of deuterated solvents and extensive drying
did not significantly alter the isotopic purity.
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The above results were indeed very puzzling. Great care was
exercised

to exclude water from the system, and the dipotassium

azodicarboxylate (diimide precursor) salt was dried for 24 hr (0.02
mm Hg) prior to use. All solvents were purchased from Aldrich and
supposedly >99% isotopically pure. The purity of these solvents was
never questioned, however, it would seem unlikely that they were
the source of hydrogen. Statistically, the mere fact that several
runs

were

introducing

made
water.

on

each

The

batch

form ation

increases
of

the

probability

monodeuterated

of

product

deterred us from continuing the study, as the reliability of NMR data
would surely be in question. Nonetheless, 63 was converted to 29d,
whose 1H NMR aided in assigning the spectrum of the unsubstituted
material 29.
The idea of using labeled allene 63 as a mechanistic probe is,
in principle, a very good one. There are at least two other methods
for introducing deuterium in a cis fashion: Wilkinson's catalyst, and
boron reagents. Both of these methods were explored: however, the
results were mixed and reaction conditions never fully optimized.
Continued investigation employing either methodology may even
tually lead to the synthesis of 63.
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SYNTHESIS AND TRAPPING OF STRAINED CUMULENES

General .Introduction to Strained Molecules
One fundamental challenge posed to chemists over the years has
been the synthesis and investigation of strained hydrocarbons. The
concept of strain was first introduced more than a century ago by
Adolf von Baeyer, and work in his laboratory led to syntheses of the
first cyclopropane and cyclobutane derivatives.^? Sixty five years
passed, however, before quantitative strain estimates for these
compounds would become a vailab le.68 Today, a remarkable collection
of strained hydrocarbons is known. In past years, many of these
would have been viewed as unlikely candidates for synthesis. This
explosion
principally

in
to

the

field

vast

of strained

improvem ents

molecule
in

chemistry

synthetic

is due

methodologies.

Because of their unusual electronic properties, strained molecules
have also provided fertile ground for study by theoreticians. In fact,
synergism between these two disciplines has aided the study of this
rich and diverse field.
The field of strained organic chemistry has been reviewed
extensively in recent lite ra tu re ;^,69 however, a brief discussion on
the

origin

of

strain

and

several

representative

examples

are

included for completeness.
The origin of strain in organic molecules is a departure from
the optimal value of at least one of several geometric parameters
inherent in all molecules. Molecular strain manifests itself through
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a bewildering compilation of molecules whose structure, energetics,
and reactivity may vary considerably. Estimates of strain energy for
a molecule may

be derived from its heat of formation from

elem ents

by comparison with a hypothetical

(Af/f)

the

"strainless"

m o d e l. 68.69 The AHf may derive from experiment or from high level

calculations.
Molecular
components:

strain

is

described

in

terms

of

four

principal

bond length distortion, bond angle distortion, torsional

terms, and steric (nonbonded) interactions. Any deviation from an
"optimal" value for a given system by any of the terms contributes
to the overall strain in the molecule.
Small rings

are a classic example

two most significant

of strained compounds.The

contributors to strain in these molecules are

angle and torsional strain. For example, the internal C-C-C bond
angle in cyclopropane is » 60°. The "normal" bond angle for a
tetrahedral carbon is 109.5°; therefore, cyclopropane experiences
considerable

angle

strain.

In fact,

the

strain

energy

for

this

molecule is estimated to be = 27.5 kcal/m ol.68
Eclipsing

methylene

groups

increase

torsional

strain,

in

addition to angle strain. In the next higher homologue of the series,
cyclobutane, a perfectly planar arrangement (90° C-C-C angles) of
carbons would have all methylenes eclipsed, increasing the torsional
component. To minimize this effect, the ring adopts a puckered
conformation, thus decreasing the internal C-C-C angle to 88° and
allowing the torsional angle to increase to 24°.
Several examples of molecules whose strain is engendered by
the presence of small saturated rings are shown in Figure 12. [1.1.1]Propellane (112), first synthesized by Wiberg in 1982, has a strain
energy of » 98 kcal/mol.?° The molecule is forced to adopt an
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inverted tetrahedral
calculations

geometry

at

the

bridgehead

position, and

suggest that the central bond has > 90% p characterJOb

"Prismane"

Bicyclobutane

"Cubane"

tBu

tBu

tBu

tBu
114
Propellane

F ig ure

12. S trained

1 13

"Fenestrane"

S aturated-R ing

"Tetrahedrane"

C om pounds

The molecule is extremely reactive and undergoes rapid addition to
its central bond, leading to a host of 1,3-disubstituted bicyclo[1.1.1 ]pentanes. Tetrahedranes such as 113 have also been the object of
much synthetic endeavor. Tetrahedrane 113 was made in 1981 by
Maier et al.

through

photochemical

extrusion

of

CO from

the

appropriate precursor.71 While no strain estimates exists for 113,
the calculated value for the parent compound is * 140 kcal/mol!68
Fenestranes such as 114 (Figure 12), also have been targets of
considerable synthetic effort. Strain in these molecules is derived
in principle from a shortening of the centralized C'-C bonds by as
much as 0.05A, as well as severe angle distortion. Some fenestranes
are predicted to have a near planar central carbon atom.72
In the preceding discussion, small saturated rings engender
considerable

strain

in

a

variety

of

different

compounds.

Not

surprisingly, there exist a large collection of small ring compounds
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whose strain is due to the presence of multiple bonds. The following
is a brief discussion on the origin of strain in alkenes; allenes,
alkynes (including enynes), and butatrienes have been omitted here,
as they are the major focus in forthcoming sections.
Strain in most alkenes originates through twisting or bending
of the % bond. Twisting is introduced through incorporation of a
double

bond transfused

in

rings,

the

synthesis

of

anti-Bredt

compounds, or severe steric crowding. 68
The smallest isolable transfused system is frans-cyclooctene
(115, Figure 13). Analysis of 115 by electron diffraction revealed
its % system was bent away from planarity by 44°,73 increasing the
strain energy by ca. 12 kcal/mol relative to the cis isomer, transCycloheptene has also been prepared; however, at 1°C it reverts back

117

115

118

Figure 13. t r a n s - C y c lo a lk e n e s
to the cis

isomer with

a half-life

of approximately

10

min.7 4

Stabilization of this molecule by coordination to transition metals
led to the isolation of a copper(l)-frans complex 116. The NMR
spectrum of 116 has been recently reported.75

trans -Cyclohexene

(1 1 7 )

has

been

proposed

as

an

intermediate; however, unequivocal proof of its existence through
either trapping

or matrix isolation

has

not yet been

reported.

Several groups from the Netherlands conducted theoretical studies
on 117 and found it to be an energy minimum.76 Calculations at the 6-
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31G level predicted an energy difference of 56 kcal/mol between
117 and its cis isomer 118, while estimating the barrier to trans-

cis interconversion at 15 kcal/mol. The % bond was distorted from
planarity by approximately 81 o.
Bridgehead alkenes,
represent another class

also

known as Anti-Bredt molecules,

of distorted

alkenes

whose

strain

is

introduced through twisting of n bonds. Several examples are shown
in Figure 14. Of these, 119 and 120 are isolable, while 121

and

122 have been generated and trapped as reactive intermediates.69 In
general, anti-Bredt compounds with double bonds in eight-membered
rings or larger are isolable.69

^
119

120

121

122

Figure 14. B ridgehead Alkenes
Twisting of it bonds

may also

result from

severe steric

crowding. The classic example demonstrating this is the series of
fe rf-b u ty l-s u b s titu te d
Butylethylene is bent
third

tert -butyl group

this strain,

ethylenes

(Figure

15).

c /s - 1 ,2 - d i- fe r f-

from planarity by 5°.69 The introduction of a
imparts strain

the torsion

in the molecule; to alleviate

angle is increased to

160.

Tetra -tert-

butylethylene has not yet been synthesized; however, calculations
predict a very high strain energy, and a torsion angle of 750.69
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Figure

15.

ferf-Butylethylenes

Strain in cyclic alkenes may be introduced through bending, or
pyramidalization of the n bond away from its idealized geometry. A
remarkable number of strained compounds exist with very distorted
double bonds, four of which are displayed in Figure 16. As mentioned
previously, these are some recent examples; for more exhaustive
coverage, the reader is referred to several reviews.77

Figure

16.

Strained

bicycloalkenes

Perhaps the most distinguished in the series is bicyclo[1.1.0]but-1(3)-ene

(124, Scheme 48). Szeimies eta/, invoked 124 as an

intermediate

in

the

conversion

of 123 to 125;

however, labeling

experiments implicated 126 rather than 124.78 Calculations on 1 2 4
predict a puckered geometry, with the C-C-C bridgehead angle =
2140.68 The strain energy was estimated at 130 kcal/mol, which is
substantial for

such

a small framework,

and

may prohibit

its

eventual synthesis.
Several

derivatives

of

124

have been reported. Szeimies

reported several methods for the synthesis and trapping of 1 2 7
(Scheme 49 ).79 With an additional double bond, 129 was suggested
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1 25

1 24

Scheme 48
as an intermediate in the conversion of 128 to 1 3 0 .
trap 129
isolation

at lower temperatures
of trapped

130.79b

Attempts to

(-1050 C) resulted in the sole

This

result clearly indicates that

incorporation of the bridgehead double bond in 129 induces more
strain than the triple bond in benzyne (130).

.Cl

trapped products

,TMS
127

Br

128

129

130

Schem e 49
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Statement of the Goals
For some time, our group has been interested in strain and the
resultant

reactivity

derived

from

the

incorporation

of

multiple

bonds into smaller and smaller ring systems. This interest stems
from

a

natural

lim itations

desire

of chemical

understanding

of

should

many

make

to

further

bonding.

structure,

understand
Additionally,

isolability,

strained

and

species

the

nature

and

a comprehensive
chemical

available

reactivity

as

reaction

intermediates, in much the same way that benzyne (1 30) is used
today. Indeed, a remarkable observation with such molecules is their
sm ooth

transform ation

from

being

shelf-stable

to

reactive

intermediates with decreasing ring size. A general goal of this
research then, was to define the limitations of bonding in specific
multiply-bonded systems, and to develop new and general syntheses
that would allow convenient access to these systems.
In the course of research directed toward the synthesis of 1,2cyclopentadiene (131), we developed a new methodology for intro
ducing strained double bonds into cyclic allenes. Eventually, the
method was adapted to syntheses of several other strained systems.
The purpose of this chapter then, is to present the results of our
studies focused on the following three cyclic systems: allenes,
butatrienes, and enynes.

Cyclic Allenes: Synthesis and Trapping of
U iienv-l-1.2-cvclohexadiene

(137)_and Attempts at the Synthesis

of 1.2-Cvclopentadiene (1311
Introduction to Strained Allenes
Allenes (1,2-propadienes) comprise the second group of the
homologous

series

of

unsaturated

hydrocarbons

known

as

73
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cumulenes. The centrally bonded carbon is sp hybridized; therefore,
"strain

free"

allenes

prefer linear geometries.

Ring constraints

engender substantial strain in allene systems; it is well known that
the kinetic stability of allenes is decreased with smaller ring sizes.
This

is manifested through a gradual change from shelf-stable

species to reactive intermediates as ring size is decreased.
Strain in allenes is introduced through bending of the system
away from its ideal linear geometry. Concomitant with bending, a
twisting

motion

contorts

towards

planarity,

both

pairs

a

torsional

adding

of

orthogonal

substituents

component.

Calculations

predict these motions are coupled; as further bending is induced
through

ring constraints, additional twisting towards planarity

is

o b s e rv e d . so The series of allenes from nine- to five-membered rings

is

shown

in

Figure

17.

Bending

angles

and

out-of-plane

28

23

153

138

1 31
132

1 35

162

20

1 34

Figure

17.

Bending

and

twisting

angles

of

cyclicallenes

torsional angles were estimated using semiempirical methods.81 The
bending potential for allenes is predicted to be quite soft; during the
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first 20°, the strain increases by only 4 kcal/mol.
Considerable uncertainly originally surrounded the structure
of small ring cumulenes. The smallest existing cyclic allene is 1,2cyclohexadiene

(132). Several possible electronic representations

for ground state 132 are shown in Figure 18. Early experiments by
Moore and Moser led them to posit either singlet diradical 1 3 2 d or
zw itterion

132b

as the ground electronic state for 132.82 They

concluded, "both formal representations imply high reactivity." The
latter

species

received

support

from

INDO-MO

calculations

performed by Dillon and Underwood; however, they appear to have
calculated the wrong state.83

132a

F ig u re

132b

18.

E le c tro n ic

132c

c o n fig u ra tio n s

of

1 32d

1 ,2 > cyclo hexa dien e

The strongest support for the proposed intermediacy of chiral
species 132a came from experiments by Balci and Jones (Scheme
5 0 ).84 The recognition that only 132a is inherently chiral, led the
authors to synthesize and trap optically active 132. Optical activity
in the products was competitive with recemization at 80° C, which
implies a low barrier to racemization for 1 3 2 . In fact, this low
barrier, and the preference for chiral 132a, was further supported
by Johnson et a/.si

Ab initio calculations predicted an inversion

barrier of 15-24 kcal/mol for 132.81,85
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P

h

Ph

KOtBu

[2 + 4]
cycloadducts

DM90
1 32

Schem e

50

The next lower homologue, 1,2-cyclopentadiene (131), is also
predicted to have a chiral ground state geometry; however the
authors indicate the 4.9 kcal/mol favoring this structure are within
reasonable

estimates for computational error bounds.si Work to

define the structure of 1,2-cyclobutadiene is in progress at present.
One

fundam ental

question

concerns

the

lim itations

of

isolability and existence of strained cyclic allenes. Models indicate
the smallest ring in which an allene unit may be incorporated
without bending

is 1,2-cyclodecadiene (50).

1,2-Cyclononadiene

(20) is the smallest unsubstituted cyclic allene which is isolable
under ordinary conditions. Calculations and experimentsse indicate
the allenic moiety is bent 10° away from linearity. Allene 20 is
conveniently prepared
cyclopropane

in

precursor

excellent
133

with

yields by opening dibromom ethyllithium

te m p e ra tu re .87 This two-step procedure

at

reduced

(Scheme 51) is a very

general route to cyclic allenes.

KOtBu

1 33

Schem e

2 0

51
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1.2-C yclooctadiene

(1 3 4 )

dim e rizes

ra pidly

at

room

temperature, however, spectroscopic data supporting the existence
of this molecule proved measurable at -60o C.88 Appendage of a tertbutyl-group by a member in our group induced sufficient kinetic
stability to arrest dimerization and allow isolation of what is now
the smallest substituted allene.31 In fact, the molecule was stable
to purification by GLC.
1.2-Cycloheptadiene
variety

of

different

(69)

routes

has been synthesized through a

(Scheme 52);9o however, 69 was too

(PPh3)2C2H4

68

Schem e 52
reactive

to

be

observed

spectroscopically.8® Interestingly, the

conventional route to this molecule through opening of the suitable
dibromocyclopropane precursor 67 fails. Insertion of the carbenoid
into a proximate C-H bond results in the isolation of tricyclic 68.35
The next lower homologue in the series, 1,2-cyclohexadiene
(1 3 2 )

is, to date, the smallest existing allene.

Diene 1 3 2

is

7 7
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prepared by the conventional route, or through a host of other
pathways

(Scheme

implicate

chiral

53).9o Both calculation

132

as the equilibrium

and experimentation

structure.

Calculations

predict the allene unit is bent 50° away from linearity, while the
allenic

hydrogens

are

bent in opposite

directions,

300 out-of-

plane.si

+ tetramer

a

o

Ph

135

KOffiu
VDMSO

Ph___
Ph
tBuO"
FVP

OtBu
400 - 700
FVP

SnMe

136

Schem e 53
There have been two reports of 132

being trapped in a

cryogenic matrix. Wentrup has trapped pyrolytically generated 13 2
in an argon matrix at 11K and observed an IR stretching frequency at
1886

cm-1, which

he attributed to the bent allene

unit. Upon
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warming of the matrix he isolated the dimer 135 (Scheme 53).91
More recently, Runge and Sander pyrolyzed bicyclic 136 and trapped
an intermediate with an IR stretching frequency at 1829 c m - 1.92
These discrepancies led us to calculate (vide infra,) the absorbtion of
132

using

sem iem perical

methods.

A fter

calibration

versus

experimentally determined frequencies, we predicted a vibrational
frequency of 1809 cm-1.

Syntb_esis_and_TraDDinQ _of _1-Phenvl-1.2-cvclohexadiene (1371
In tro d u c tio n . It has been shown that the kinetic stability of
cyclic allenes may be greatly enhanced through substitution.9o For
example,

while

1,2-cyclooctadiene dimerizes

rapidly

te m p e r a tu r e ,90 the 1-methyl derivative of 134

at ambient

enjoys

greater

kinetic stability and dimerizes with a half-life of 10-15 minutes at
room

tem perature.93 Further buttressing by the addition of a tert-

butyl

group

imparts

even

greater

kinetic

134

dimerizes at 0° C

1/2 life = 10 -15 min
@ room temperature

Figure
isolation

19.

K inetic

stability

of

by

GLC

(Figure

19).31

investigating

the

kinetic

stab ility

some

stability,

and

permits

stable to purification
by GLC

1,2-cyclooctadienes

Our group was interested
of

a

series

of

in

1-phenyl-

substituted cyclic allenes and the effect imparted by the phenyl
group through either electronic or steric interactions. Additionally,
it was conjectured that incorporation of a phenyl group would
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facilitate studies on the kinetics of dimerization by acting as an
auxochrome for UV analysis.
The syntheses and inherent stabilities of several members in
the

series

of

1-phenyl-substituted

allenes

has been

described

previously by Loiselle and Johnson.94 Figure 20 displays the series
from 10- to 6-membered

rings

and

the kinetic stability associated

Ph

Ph

stable at 20 C

Ph

dimerizes slowly

dimerizes slowly

o,
at 20 C

at -35 C

o.

137
unknown

F ig u r e

20.

K in e t ic

c y c lic

a lle n e s

current work

s ta b ility

of

som e

p h e n y l- s u b s t i t u t e d

with them. Described here are recent efforts toward the synthesis
of 1-phenyl-1,2-cyclohexadiene (137), the smallest existing phenylsubstituted cyclic allene reported to date.95 This work was initiated
independently,

then

later

developed

as

a

collaboration

with

Professor Laren Tolbert and Md. Nural Islam at the Georgia Institute
of

Technology.

Tolbert

and

Nural

Islam

investigated

photo-

dehalogenation of chlorocarbanion 138. Their approach to 1 3 7

is

shown in Scheme 54; however, a detailed discussion of their work
will not be given here.
Results and Discussion The synthesis of 13 7

is outlined in

80
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Scheme 54. This follows the general carbenoid route employed in the
synthesis
(1 3 9 )

of

with

most cyclic

allen es.87

phenylmagnesium

Reaction of cyclopentanone

bromide

yields the corresponding

alcohol which is dehydrated with p-toluenesulfonic acid to give 1phenyl-1-cyclopentene

(14 0 )

in

84%

Addition of dibromocarbene to 140

yield

after

distillation.

afforded therm ally

unstable

adduct 141 in 20% yield. Dibromide 141 was characterized by 1H
and 13C spectra. This strained bicyclic dibromide proved extremely
labile, ring opening cleanly to 1,6-dibromo-2-phenyl-1-cyclohexene
(142) upon standing in chloroform at ambient temperature for 24 hr.
Spectra for 142 include a broad singlet in 1H NMR at 8 5.05 and ten
resonances in the 13C NMR. Additionally, a strong absorption at 1625
cm-1 in the IR spectrum is characteristic of vinylbromides.

1) PhMgBr
KOtBu

Sc

KOIBu

Schem e

Complex Mixture
of Oligomers

54

Facile isolation of unrearranged adduct 141 was somewhat
surprising, as
difficult.

The

literature precedent indicated that this
parent compound

has

been

might be

synthesized

and

is

distillable at 60° C under reduced pressure .82 Substitution has been
shown to accelerate rearrangement. In the synthesis of the methyl
analogue 141a, facile rearrangement to isomers 143 and 144 has
been reported by Cristl and co-workers (Scheme 55).96

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

cf S-C& -QC- a
141a

Br
143

144

Schem e 55
The
ranging

addition
from

of

methyllithium

-40° C to 00 C resulted

to 141

at

temperatures

in a complex mixture of

oligomers. Screening of these mixtures by both HPLC and 1HNMR
indicated the presence of up to twelve components. The complexity
of the

mixtures

Treatm ent

of

precluded
141

with

isolation

of individual

m ethyllithium

in

the

components.
presence

of

diphenylisobenzofuran (DPIBF), however, gave adducts 145 and 146
in a ratio of 1:4 (Scheme 56). Importantly, this ratio proved iden
tical with that obtained by photo-dehalogenation of carbanion 138.
Ph
-Ph

MeU 0 C

hv >450

Ph

Ph
Ph o
Ph
Ph|
Ph
147

145

146

Scheme 56
Assignment of

146 as the exo

isomer was facilitated by

comparison of spectral data with that from adduct 147 (Scheme
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56), for which the exact stereochemistry was determined by X-ray
d iffra c to m e try .9 5

Spectral data for 1 4 6

include

a doublet of

doublets in the 1H NMR at 8 5.94, a triplet of doublets at 8 2.67, and a
doublet of triplets at 8 0.95. The 13C NMR showed 26 resonances. A 2D COSY spectrum revealed the resonances at 8 2.67 and 8 0.95 were
coupled, and that both hydrogens were located on Cb- Models indicate
the pseudo-axial
shielding

hydrogen

on

Cs is forced into the anisotropic

region of the benzofuran

moiety, therefore, shifting

it

upfield to 8 0.95. The substantial downfield shift of the pseudoequatorial hydrogen on Cs

results from deshielding by the exo

phenyl group on Cs' which is conformationally biased due to non
bonded interactions.
Spectral data for the endo isomer 145 seem less influenced by
phenyl substituents. The vinyl resonance appears as a doublet of
doublets in the 1H NMR at 5 5.77, and the aliphatic region displays
three multiplets at 8 1.25, 8 1.48, and 8 1.94.
The cycloaddition of allene 137 with DPIBF is regiospecific
and displays high stereoselectivity, despite the high reactivity and
expectation of a highly nonsynchronous mechanism.97 initial bonding
at the central allene carbon relieves ca. 30 kcal/mol of strain ;81
this is followed by closure at the sites of higher odd electron
density. AM1 calculations of 137

predict a chiral allenic structure

(Figure 21), with C1-C2-C3 angle of 1340, slightly less than the
parent compound. Frontier MO coefficients are greater at the styryl
centers, which is also consistent with the observed regiospecificity.
In conclusion,

1-phenyl-1,2-cyclohexadiene

(137) has been

synthesized and trapped using the standard carbenoid approach. It
now represents the smallest member of its homologous series.
Tolbert and Nural Islam attempted a synthesis of the next member in
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the series, 1-phenyl-1,2-cyclopentadiene, by photodehalogenation of
the appropriate precursor, however, this appears to have failed.95

Attempts at. the Synthesis of 1.2-Cyclopentadiene /1 3 1 I
In tro d u ctio n .

1,2-Cyclohexadiene

(1 3 2 )

is

currently

the

smallest cyclic allene for which unequivocal proof of existence has
been

dem onstrated. 9 o

cyclopentadiene

The

(1 3 1 ),

next

low er

hom ologue,

1,2-

has remained elusive, even though its

synthesis was first attempted in 1935 by Favorski.98 The primary
objective of this research therefore, was the synthesis and trapping
of 131. Eventually this led to the development of a new synthetic
methodology, which has allowed access to several classes of highly
strained molecules (vide infra).
Johnson et al. reported theoretical studies on the structure and
barrier to inversion of several small-ring cyclic allenes.81 Their
calculations led to the prediction that 131
allenic

structure,

concluded that,

with

a

low

"confirmation

barrier

may exist as a chiral

for

racem ization.

They

must await the results of careful

experim entation."
There are several
synthesis of 131

reports on efforts directed toward the

or derivatives thereof. Favorski first attempted

the synthesis of 131 in 1935 by reaction of sodium with dibromide
148

(Scheme 57).98

Although successful for larger rings, this

approach appears to have yielded only diene 149. In 1972, Wittig and
Heyne

investigated

cyclopentene (1 5 0 ),

the

dehydrohalogenation

cyclopentyne

1-brom o-1-

a technique employed successfully for the

synthesis of 1,2-cyclohexadiene. Allene 131
instead,

of

(151),

the

smallest

was not produced;
known cyclic alkyne,
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KOtBu

151

Schem e 57

was trapped.99 Chapman has postulated the existence of 131
generated

in a low temperature argon

matrix (Scheme 58).1°°

Photochemical Wolff rearrangement of diazodione 152 at 8K gives
keto-ketene
Irradiation

153 which undergoes photodecarbonylation to 154.
of 1 5 4

yields

cyclopropylacetylene

(1 5 5 )

and

1-

vinylcyclopropene (156), products which the authors suggest are
sensibly derived by [1,3s] sigmatropic rearrangement from 131. The
rate of destruction of 131 was too rapid to allow its detection by
IR. These experiments have only briefly been described in a rather
terse review.100
O
5 ,—
152

0

153

hv

□ > — =0
1 54

1-3 s
\ _ T

-

B

, ~

1 55

131

156

Scheme 58
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Several

other

structures

containing

the

five-ring

allene

subunit have been proposed (Figure 22). The possibility that cyclopentatriene 157 may exist as a chiral structure was ruled out on the
basis of

ESR studies, which

favored 3 0 ! 1 5 8

as the ground

electronic state. 101 Confirmation of this came from ab initio (HF/321G) calculations which predicted 158 to be a minimum . 102 Tolbert
and

Siddiqui

explored

the

potential

intermediacy

of

the

4,5-

benzannelated allene 159; however, all of the observed chemistry
was best described as originating from isoindenylidene 1 6 0 . 1 ° 3

H

158

F ig u re

1 60

22.

D e riv a tiv e s

of

159

H

1 ,2 -c y c lo p e n ta d ie n e

The most logical approach to 131 should be through cyclopropylidene 161, which is accessible from dibromocyclopropane
162

upon reaction with methyllithium. Dibromide 162 should be

available directly from addition of dibromocarbene to cyclobutene
(1 6 3 ,

Scheme 59). We anticipated that adduct 1 6 2

would be

extremely labile, however, its generation and subsequent reaction at
low temperature should obviate the need for isolation.

13 1

Schem e

1 62

161

1 63

59

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Results-and Discussion The synthesis of cyclobutene (163) has
been

re p o rte d .!

This

is

convenie ntly

prepared

from

cyclopropylmethanol in three steps. To determine the stability of
162,

it was first generated at low temperature by addition of

dibromocarbene (CBr4/MeLi)

to

163,

followed

by

warming

to

ambient temperature, and normal work up. Crude 1H NMR revealed
that it had apparently ring-opened to 1,5-dibromo-1-cyclopentene
(164, Scheme 60). The structure of 164 was unequivocally assigned
after isolation
further

by low temperature chromatography (-11 o C) and

characterization

(1H, 13C, GC-MS). We have learned that

Christiansen has independently prepared 164.105

£7

CB-.
-

1 63

Meli

’

-78 °C

Br

z 3.
Br

-78 C

&

Br

1 62

Br
Br

166

131

Schem e

+

167

CH3

&
1 65

60

In order to synthesize allene 131, 162 was generated at -78°
C, allowed to stir for 15 minutes, and reacted with an additional
equivalent of methyllithium. After warming to Ooc, workup under
nitrogen yielded three compounds, as determined by capillary GC
(1 :2 :2 ).

The

firs t

was

id e n tifie d

as

1-brom o-5-m ethyl-1-
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cyclopentene (165, 1H, 13C, GC-MS) after isolation by GLC on QF-1.
The

remaining

two

compounds

were

separated

by

GLC,

and

determined to be C io H i2B r2 isomers by GC-MS. Both compounds
displayed an apparent quartet at 5 5.93, multiplets at 5 3.20 in the
1H NMR, and five 13C resonances. A DEPT sequence provided the
carbon

m u ltiplicities

and

the

structures

were

assigned

as

stereoisomeric products 166 and 167 (meso and dl).
The

possibility

that

small

amounts

of

131

were

being

produced and not dimerizing in the fashion predicted, led us to
perform several trapping experiments. After initial generation of
dibromocyclopropane

162 as described above, 1,3-cyclohexadiene

was added before the second equivalent of methyllithium

was

introduced. Workup under nitrogen, however, again yielded only the
three adducts 165-167 described above. Reactions with DPIBF as
the trap led to

similar results (Scheme 61).

1) CBr4 , Meli -78°C
165

or

+

+

166

+

167

Meli

Scheme 61
The above data imply that dibromocyclopropane 162 is formed
at

-780 C and rearranges in its nascent state to the more stable 1,5-

dibromide 164. This then reacts with an additional equivalent of
methyllithium, yielding

165, or promotes coupling to 166, and 167.

The extreme lability of 162 at -780 C was indeed surprising as the
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next

higher

homologue

cyclohexadiene

in

the

series,

the

precursor

to

1,2-

(132), is a distillable liquid at 600 C (10 mm Hg),82

1380C higher in temperature!
To increase the possibility of observing reactions of 131, we
attempted its generation at lower temperatures. Methyllithium was
added to an etheral solution containing cyclobutene (163) and carbon
tetrabrom ide

at

-1050 C. The mixture was

stirred

for

several

minutes before an additional equivalent of methyllithium was added.
After warming to Oo C, and workup, no evidence could be found for
the formation of 131 (1H, GC-MS). Reactions in the presence of
several traps yielded similar results. Throughout these experiments,
GC-MS proved to be an efficient method for screening reaction
m ixtures.
It is well documented that dichlorocyclopropanes undergo ring
opening less easily than their dibromo c o u n te rp a rts .W e therefore
undertook the synthesis of 168, the dichloro analogue of 1 6 2 with
expectations that increased stability would prevent ring opening.
Bicyclic 168 was synthesized by the addition of dichlorocarbene
(CC U /nBuLi) to

cyclobutene (163) at -78° C (Scheme 62). Upon

warming to ambient temperature, however, 168 ring-opened to 1,5dichloro-1-cyclopentene

(169)1°? as determined spectroscopically

(1H, 13C, GC-MS). Generation of 168 at -78° C. followed by a second
equivalent of nBuLi, yielded 170 as the primary product (> 64%) as
determined by 1H NMR and GC-MS.t os No evidence for the formation of
131 could be observed. Attempted generation of 131 in the presence
of 1,3-butadiene or 1,3-cyclohexadiene as traps resulted again in
formation of 170.
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nBuLi
nBuLi
C I ‘" ^ C I

169

170

1 68

» ....
131

Scheme 62
As with the dibromo adduct 1 6 2 , 168 appears to rearrange
immediately at temperatures as low as -78° C. In the presence of
excess

nBuLi,

lithium-halogen

substitution
exchange

at the
at C-1,

allylic

position,

results

followed

predominantly

by

in the

formation of 170.
Our inability to find a suitably stable precursor to 131 led us
to

investigate

the

potential

of rearranged

dibromide

16 4 as a

progenitor to allene 131. This method has been used successfully in
the

synthesis

of

dichlorocyclohexane

1,2-cyclohexadiene
171

with

either

(1 3 2 ),

by

sodium

or

reaction

of

magnesium

Br

1 64

MeLi
THF— ^

165-167

166

+

167

55° C

Schem e 63
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(Scheme 6 3 ) 7 °
m agnesium io9

Dibromide 1 6 4

was

reacted

w ith

activated

at a variety of temperatures (00 C - (+) 6 0 ° C), with

and without chemical traps (Scheme 6 3 ) . Under ail circumstances,
coupling adducts 166 and 167 were observed as the major products;
no evidence for the formation of 131 could be detected. In addition,
164 was reacted with methyllithium at elevated temperatures ( 6 0 °
C), however, only 165-167 could be detected.
We then began to research alternative methods for introducing
strained double bonds. It has been known for some time that 6halosilanes are suitable precursors to alkenes. Exposure to alkoxide
or hydroxide ion leads to an "E2-likeH mechanism.no Cunico and
Dexheimer extended the methodology to the synthesis of alkynes
through

fluo ride

eventually

induced

developing

elim ination

suitable

of

precursors

(3-halovinylsilanes,

to

benzyne

(Scheme

6 4 ) . 111

TMS

Br

ethyne

Schem e

benzyne

64

Implementation of the methodology in syntheses of strained
alkenes

was

first

demonstrated

by

Chan

and

Massuda,

synthesized and trapped 1 7 3 from reaction of 172
f l u o r i d e . 112

with

who

cesium

(Scheme 65) Since that time, a host of additional

strained alkenes have been generated by similar methods (Scheme
66)79,113 Perhaps the most remarkable aspect of this reaction is the
extremely

mild

conditions

under

which the reaction is carried out,
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TMS.
CsF

173

172

Schem e

65

typically

200 C, CsF/DMSO. This allows for generation of these

species

in the

presence of other functional groups, which

is

important if they are to find more use as reactive intermediates in
the synthesis of complex molecules.

CK
Cl

> ™ S

TMS

Scheme

^

^ ^ *B r

66

This methodology should also lend itself to the synthesis of
allenes. In 1974, Chan and Mychajloskij synthesized diphenylallene
(16) from the

X

Schem e

fluoride induced

174

elimination of

H

trimethylsilane 1 7 4

1 6

67

(Scheme 67). They later extended the methodology to a variety of
substituted allenes reporting very clean reactions and moderate
y i e l d s . 114

in principle, a similar approach should yield strained
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allenes; however, a thorough investigation of the literature produced
no examples supporting this notion.
In order to explore the potential of this methodology in the
synthesis of strained allenes, we chose 1,2-cyclohexadiene (132) as
a target molecule. Diene 132 embodies considerable strain (= 31
kcal/m ol),

and

the

c h a ra c te riz e d .s o

chem istry

of

132

is

re la tiv e ly

A suitable precursor to allene

132

w ell
is the

substituted si lane 176 which was synthesized several years ago by
D enm ark.us Silane 176 is conveniently prepared through a coupling
reaction of the corresponding allylic dibromide 175 with TMSCuLi,
following a general protocol first reported by Smith (Scheme 68).ne
Treatment of 176 with CsF in DMSO in the presence of DPIBF at 800
C,

resulted

in

a

76%

combined

yield

of two

stereoisom eric

cycloadducts in a ratio identical with that previously reported.n7,9o

TMS

TMS Li

CsF
trapped
products

DMSO

HMPA

80 C

o
132

Schem e 68
The remarkable efficiency and apparent generality of the above
method in the synthesis of strained allenes should make it an
excellent

alternative

to

existing

methods,

particularly

in

the

presence of other functional groups. With this new methodology in
hand, we next returned to the synthesis of 1,2-cyclopentadiene
(1 3 1 ).
A

synthesis

of

appropriately

substituted

trim ethylsilane

precursor 177 had been previously described in the literatures is It
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was prepared through a coupling reaction of allylic dibromide 1 6 4
with TMSCuLi in 33% yield after chromatography on silica gel
(hexane, -110 C). Treatment of 177 with CsF in DMSO in the presence
of DPIBF at ambient temperature yielded no adducts which could be
attributed to the intermediacy of allene
conducted at 30° C,

131. The reaction was

60° C, and 80° C; however, this did

not

significantly alter the results. 1H NMR analysis of the crude material
indicated that starting silane 177 had been completely consumed,
however, there were no aliphatic resonances which would result
from adduct formation. Chromatography on silica gel yielded only
DPIBF (Rf = 0.49, hexane/chloroform, 3:1) and baseline material, m
NMR of the baseline material showed only aromatic resonances, no
aliphatic resonances were present. Attempts to trap any volatile
components formed in the reaction mixture failed.

Br

TMS

I

TMS

Li

i

Cr'-^rCr

DM90
55° c

178

179

Schem e 69
Perhaps
generate

more

disturbing

than

our

apparent

inability

to

1,2-cyclopentadiene (131) is the absence of any isolable

products suggesting alternative reactions. By 1H NMR the starting
silane 177 is completely consumed; however, it is unclear what is
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being

generated.

Attack

by fluoride

ion

on

silicon

would

be

accompanied presumably by loss of bromide ion in accordance with
the accepted E2 mechanism. This suggests that allene 131 may be
formed initially, but is so short lived,
undergoes further chemistry. An

it escapes trapping and

alternative

mechanism

is one

involving more E1cb character. Initial elimination of the TMS group
would yield

allyl

anion

178,

which

can

undergo

disrotatory

electrocyclic ring opening to give pentadienyl anion 179

(Scheme

69).118 This second mechanism may be more favorable than that
involving allene formation, as that would be accompanied by a
considerable increase in total strain energy (= 41 kcal/mol).
Future Work. There are several other routes which in principle
may yield allene 131. The first employs a regioisomer of previously
described silane 177 where the TMS group is now substituted at the
vinyl position. The possibility of ring opening as postulated for 1 7 7
is then diminished, and the propensity for allene formation may be
increased.
Scheme 70 outlines a logical route to a substituted vinylsilane
183 where X represents a good leaving group. A synthesis of allylic
alcohol 182 was eventually achieved, however, conversion of the
alcohol

functionality

in v e s tig a te d .
prepared
described

to a

suitable

leaving

group

was only briefly

2 -T rim e th ylsily l-2 -c y c lo h e x e n -1 -one

(1 8 1 )

was

in six steps from the parent cyclopentenone 180 as
in

the

literature. 119 Reduction of 181

with

Luche's

reagent (N aB F^/C eC Is) resulted in the formation of alcohol 182;
however, considerable amounts of the fully saturated alcohol were
also present (4:1). This problem was overcome by reduction with 9BBN which resulted in the sole formation of allylic alcohol 182 in
56% overall yield after chromatography.
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o

o

1. B r g

OH

2. Et3N

9-BBN

TMS

3. HOCH^HjQH/fl*

TM S

4.NBuLi
1 8 0

5. T M S C I

1 8 1

1 8 2

6. HgO+

F

TMS

^

H" "

H

???
1 3 1

1 8 3

Scheme

70

Conversion of the alcohol functionality to a suitable leaving
group X was briefly explored, and preliminary results suggest that
these compounds may be extremely unstable. Attempted formation of
the

triflate

using

trifluoromethanesulfonic

anhydride/triethylamine

(00 C) resulted in formation of a black intractable mixture. The
chloride (X = H) was eventually synthesized and isolated by reaction
of alcohol 182

with tosyl chloride/pyridine

(catalytic

DMAP)

in

methylene chloride; however, limited quantities prohibited rigorous
characterization. Alternatively, generation of an appropriate leaving
group in situ, and further reaction with cesium fluoride, may be
necessary.
The second potential pathway to 131

is through bromofluoro-

cyclopropane 184, which should be attainable from the addition of
bromofluorocarbene
strength

of the

to

cyclobutene

C-F bond

makes

(1 63, Scheme 71).

fluorine

less

susceptible

The
to

migration than either bromine or chlorine and would in principle
stabilize cyclopropane adduct 184. This should then open to allene
131 upon addition of MeLi at reduced temperatures. Several years
ago, Christl and Braun reported the isolation of 185,

whereas the
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dibromo analogue 186

underwent rapid rearrangement (Scheme

72).96 This differential stability is a consequence of well known
stereoelectronic requirements for disrotatory ring opening.

H "o„

C^
F

1 6 3

^

H

1 3 1

Br

1 8 4

Scheme 71

.0.
rearrangement

1 8 6

1 8 5

Scheme 72
In summary, the results concerning the synthesis of 1,2cyclopentadiene are inconclusive. The standard carbenoid route using
dibrom ocarbene

or

diclorocarbene

fails

due

to

the

inherent

instability of both cyclopropane precursors. The instability of both
precursors was indeed surprising as the dibromocarbene precursor
to the next higher homologue in the series, 1,2-cyclohexadiene, is a
distillable liquid at 60° C (12 mm), 138° C higher in temperature. A
synthesis of the bromofluoro analogue may eventually permit the
synthesis of 131.
The inability of substituted silane

177 to undergo fluoride

induced elimination to 131 was suprising in light of the ease with
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which 1,2-cyclohexadiene (1 32) was made by the same route. It
would appear to be a direct reflection of the increase in strain in
going

from

1 3 2 to 13 1 .

convenient access

to

Nonetheless, the

larger ring

allenes

route should allow

under relatively

mild

conditions. This is currently being investigated in our laboratory.

Cyclic Butatrienes: The .Synthesis of 1,2.3-Cvclohexatriene (1991
Introduction
Butatrienes comprise the third member of the homologous
series of unsaturated hydrocarbons known as cumulenes. The two
central carbon atoms are sp hybridized; therefore, the preferred
geometry for acyclic systems

is linear.

Bending

of the triene

functionality through incorporation into successively smaller rings
engenders

considerable

strain,

and

like

allenes,

a

smooth

transformation from shelf stable species to reactive intermediates
is observed. The increased strain

in cyclic butatrienes

is due

principally to in-plane bending of the central C2-C 3 it bond away
from

linearity.

Bending will

be accompanied

by rehybridization

(Scheme 73) at C2 and C3 from sp to sp2.

sm aller

sm aller

H

H

H

Schem e 73
Strain estimates for the series of cyclic butatrienes from Cg
to C5 have been reported by Johnson and Angus, who employed MNDO
c a lc u la tio n s .120 The corresponding values of 8.0, 14.0, 31.5, 60.5,
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and 130 kcal/mol, were estimated by bending 1,2,3-butatriene, and
comparison with predicted cyclic structures. These results indicate

Figure

23.

Bending

angles

of

200

199

1 95

190

189

cyclic

butatrienes

an approximate doubling of the strain energy for each subsequent
removal of a methylene group. The internal C 1 -C 2 -C 3 bond angles
decrease from 163° to 116° in going down the series (Figure 23).
1,2,3-C yclodecatriene

(1 8 7 ) is the smallest unsubstituted

cyclic butatriene for which there should be little distortion of the
triene moiety. Triene 187 was first reported by Moore and Ozretich
in 1967J 21 The authors employed standard carbenoid chemistry
(Scheme 74) in the synthesis of 18 7 , a protocol used in allene
syntheses.

In 1984, Johnson and Angus reported the synthesis of the

O
Br

PhHgCBr,

(

[^ J

\7 ^ B r

\

1 87
Br

Br

1 88

1 34

Scheme

f( J

MeLi

1 89

74

100
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next lower homologue in the series, 1,2,3-cyclononatriene (1 8 9 ),
through the use of similar chemistry. Generation of allene 134 a t 300 C, followed by the addition of dibromocarbene yielded 186,
which ring opened to 189 upon exposure to methyllithium at reduced
tem perature

(Scheme

74).120 Butatriene 189

proved

stable at

ambient temperature in dilute solutions, but rapidly polymerized
upon

concentration

cycloo ctatrie ne

or exposure to

(1 9 0 )

has

air. A synthesis

not been

reported,

of 1,2,3-

although strain

estimates indicate it should be easily made. Its kinetic stability is
unpredictable.
Szeimies et al. reported a truly remarkable synthesis of the
next

member

of

the

series

1,2,3-cycloheptatriene

(195)79a

Treatment of 191 with KF in DMSO at 55° C yielded alkene 1 9 2
which was trapped with a variety of dienes. Unexpectedly, triene
195 was formed and trapped with 9-methoxyanthracene to give
adduct 196. The authors proposed rearrangement of initially formed
alkene

19 2 to triene 19 5

by either intermediate

19 3 or 19 4 ,

followed by subsequent trapping.

.TMS

Schem e 75
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In view of the preceding result, the authors attempted a
similar approach to

1,2,3-cyclohexatriene (1 9 9 ).79b Starting with

the appropriately substituted bicyclic silane 19 7 , treatment with
CsF in DMSO at 80° C in the presence of DPIBF yielded only adduct
198 (Scheme 76). The authors noted that transformation of 12 7 to
199 is considerably more exothermic than isomerization of 19 2 to
19 5

and,

therefore

proceeds

at

lower

tem peratures.

This

is

corroborated by strain estimates which predict that 199 is roughly
twice as strained as 195.120 There have been no reports on the
synthesis of the next member in the series, 1,2,3-cyclopentatriene
( 2 0 0 ).

Br

^^Llr £21— 0
o

198

Schem e

76

From the preceding discussion it is clear that routes to cyclic
butatrienes are

sparse.

The

addition

of dibromocarbene

to cyclic

allenes followed by ring opening, is suitable for larger systems,
however, its adaptation in construction of smaller homologues is
foiled by the instability of small ring allenes.90 One fundamental
goal of this project was the development of a synthetic methodology
that would allow access to cyclic butatrienes, independent of ring
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size. Such a methodology would render such compounds readily
available

and

increase

their

use as

reactive

intermediates

in

synthesis.
Another goal of the project was to redefine the current known
lim itations of cyclic butatrienes. To date, the smallest existing
cyclic compound containing three contiguous double bonds is 1,2,3cycloheptatriene

(1 95).

The

synthesis

of

1,2,3-cyclohexatriene

(199) would not only redefine this limitation, but it would also be
of interest as a new isomer of benzene isomer.

Synthesis and Trapping of 1.2,3-Cvclohexatriene (199)
The most logical precursor to triene 199 was thought to be
vinylsilane 201, where X is a good leaving group (Scheme 77). As
described

previously

for

1,2-cyclohexadiene

(1 3 2 ) and several

strained alkenes, 199 should be accessible by introduction of the
strained % bond through fluoride induced elimination of vicinal
trimethylsilyl and X groups. We chose this route because of the
extremely

mild conditions

under which

199 may be generated.

Retrosynthetically,

201

TM S-enone

whose synthesis has been described

202

was best envisioned as originating from
in the

lite ra tu re .119

o
CsF
DM90

201

202

1 99

Scheme 77
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The synthesis of starting TMS-enone 202 was accomplished in
six steps from 2-cyclohexen-1-one (203) as described in the liter
ature

(Scheme 78)J19 Reaction of 202

with an equimolar mixture

,TMS

TIMS
POCI3

TO
204

202

203

JMS
P O C I3

PCI5
205

204a

Scheme

78

of PCI5 and POCI3122 resulted in the formation of dichloride 2 0 5 ,
however, instead of the desired diene 2 0 4 . Dichioride 2 0 5 was
characterized by normal spectroscopic methods pH, 13C NMR, GC-MS)
after isolation by chromatography (silica gel/hexane, 38% yield). The
formation of alkene 205 was surprising; Axelrad had reported the
conversion of enone 203

to 2-chloro-1,3-cyclohexadiene 204a in

98% yield by the same methodology.-^
Upon further scrutiny, it became apparent that dichloride 205
was a suitable precursor to diene 2 0 4

provided

1,4-elimination

could be achieved in preference to 1,2-elimination. Reaction of 2 0 5
with DBU/DMSO at room temperature resulted in both dienes 2 0 4
and 206 (3:2, GLC) in 38% overall yield (Scheme 79). These isomers
were inseparable, however, by normal chromatographic methods.
Separation was achieved by capillary GC, but, all attempts using
preparative columns resulted in complete aromatization.
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Cl

Cl
DBU

,TMS

JMS

t

DM90

^s^TM S

20° C

Cl

^

204

205

'C l

20 6

40%

6 0%

V__
inseparable mixture

Schem e

79

An alternative

route to diene 201

involves quenching of

enolate 207 with a reagent capable of generating a good leaving
group at that position. McMurry and Scott had previously published a
report on the conversion of several enones to enolates, and their
subsequent

conversion

to

trifla tes

upon

reaction

with

N-

p h e n y ltriflim id e .123 in principle then, a similar reaction with TMSenone 2 0 2
triflate

would yield

in the proper

the corresponding

diene 2 0 8

B-position. Significantly, this

with the

methodology

would appear to be ring size independent, and should permit the
synthesis of many butatrienes.
Deprotonation of TMS-enone 202 under kinetic conditions with
lithium diisopropylamide (LDA), followed by addition of N-phenyltriflimide (Scheme 80), gave the 1,3-diene 208 in 58% yield after
chromatography (silica gel/hexane). Spectral data for 208

include

two triplets at 8 6.28 and 8 5.75 in the 1H NMR, seven resonances in
the 13C NMR, and M+ = 300 in the mass spectrum.
The conversion of diene 208 to 1,2,3-cyclohexatriene (1 99)
follow ed

the

normal

desilyation

protocol

for

introduction

of

strained double bonds. Reaction of 208 with CsF in DMSO at 25° C in
the presence of DPIBF afforded crystalline adduct 209 in 24% yield
after

chromatography

(silica gel, 3:2 hexane/CH2CI2).

Spectral data
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0

benzene ^
17 hr

199

Ph

Ph

209

Scheme 80
for 209 include a broad singlet at 5 5.69 and a multiplet at 6 2.20 in
the 1H NMR, 11 resonances (Cs symmetry) in 13C NMR, and M+ = 348 in
the mass spectrum. Additional support for diene 209 came from its
DDQ oxidation to the fully aromatic structure 210, which was
reported previously in the literature.124
Ample literature precedent supports the conclusion that 209
is formed from [2 + 4] cycloaddition of cumulene 199 at its most
strained k bond.77.79b.9o The exclusive reaction at the C2-C3 bond is
in good agreement with the relief of ca. 50 kcal/mol of total strain
energy. Conversely, addition across the C 1-C 2 double bond would
result in a substituted allene with ca. 31 kcal/mol of strain energy;
it is therefore not observed.
Cumulene

199 is highly strained; it was conjectured that it

might undergo thermally allowed disrotatory ring opening to 1,5hexadien-3-yne

(211) before

reacting

with

DPIBF (Scheme 81).
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209
1 99

Ph

211

O

Q

DDQ

benzene
10 seconds

212

213

Scheme 81
Reaction of dienyne 211

with DPIBF, followed by thermal ring

closure, would also yield the observed adduct 209. To investigate
this possibility, we generated triene 199 in the presence of a less
reactive diene trap, which should not undergo Diels-Alder. chemistry
with dienyne 2 1 1 . Generation of 1 9 9

in the presence of furan

resulted in the sole isolation of adduct 2 1 2

in 66% yield after

chromatography (silica gel, 9:1 hexane/Et20). Spectral data for 212
include three broad singlets at 5 6.40, 8 5.65, and 8 5.19 in the 1H
NMR, five resonances (Cs symmetry) in the 13C NMR, and M+ = 146 in
the mass spectrum. Adduct 212 was rapidly oxidized with DDQ to
the aromatic structure 2 1 3 ,

whose spectral charateristics

have

been described elsewhere.125 We thus conclude that adducts 209 and
212 are formed from [2 + 4] cycloaddition of cumulene 1 9 9 at its
most strained ic bond.
The chemistry of triene 199, in the absence of traps, was also
investigated. Very little is known about the dimerization of strained
cyclic butatrienes; however, one might predict formation of dimers,
trimers, or tetramers in a manner observed for several cyclic
allenes. Generation of 199 in the absence of any traps yielded a
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complex mixture of products as determined by 1H and

NMR.

Attempts at column chromatography failed, leaving only baseline
material whose 1H and tac NMR spectra were extremely complex. The
mixture was

not intractable,

suggesting

polymerization

did

not

occur; however, the enormous array of products implies very low
selectivity, or highly labile products.
To date, 199 has been trapped only with dienes in Diels-Alder
reactions. In the absence of traps, the extreme reactivity of 199 is
manifested through its low reaction selectivity and abundance of
unrelated products. To completely characterize the chemistry of
199, its generation in the presence acyclic dienes, alkenes, and
dipolar species must be accomplished (Scheme 82). It would also be
of interest to trap 199 with transition metals as this might yield a
photolytic precursor to butatriene

19 9 . Additionally, it has been

demonstrated that dimerization of acyclic butatrienes is facilitated

11
Wilkinson's
catalyst

Zn or Cu

A

%

Ph

Schem e
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by the presence of metal catalysts such as zinc,

nickel,

and

c o pp e r . 126 Generation of 199 in the presence of these might furnish

[4]radialene

or [6]radialene

in the absence of side products (Scheme

82).
Cyclic butatrienes comprise a rich and diverse class of com
pounds whose chemistry has only recently been investigated. The
synthesis
known

of

1,2,3-cyclohexatriene

limitations

for

existence

(1 9 9 )
of

redifines the current

cyclic

butatrienes,

and

OTf
.TMS

.TMS

1) LDA, -78 C
2) PhN (S02CF3)2

180

2 1 5 CH3

214

Scheme 83
represents

a

new

benzene

isomer.

A

synthesis

of

1,2,3-

cyclopentatriene (200) would now seem likely but preliminary work
on

the synthesis of a suitable precursor is, to date, inconclusive. All

attempts

to convert

resulting in

very

enone 180 to diene precursor 21 4 , failed,

complex

mixtures

as

determ ined spectro

scopically (Scheme 83). Work on a substituted analogue

215,

however, is currently under investigation by another member of the
group.
Of
appears

perhaps equal importance is

the development of what

to be a very general route tocyclic butatrienes

corresponding

enone. Our group

possibility

the

in

synthesis

of

is currently
both

smaller

from the

investigating this
and

larger

ring

homologues. Additionally, preliminary data suggest that 2-TMS-2-
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enones may be suitable precursors to cyclic enynes (Scheme 84)
depending on reaction conditions. Indeed, routes to these molecules
are equally sparse (vide infra).

o
(CF3s o 2)2o-

-78° c

O

Schem e 84
In summary,
trapped

by well

generality

of

re m a rk a b le

1,2,3-cyclohexatriene

may be generated

precedented cycloaddition

our

synthetic

C eH 6

isomer

route
are

and

reactions.

the

currently

Both

the

of

this

chem istry
subjects

and

of

active

investigation.

Cvcloalkvnes and Cvcloenvnes:
Synthesis and Trapping of 1-Cvclohexen-3-vne J2401
Introduction to Cvcloalkynes
Cycloalkynes and cycloenynes comprise interesting and funda
mental

classes

of

organic

molecules

for

which

lim itations

of

structure and isolability have not yet fully been determined. Strain
in both classes is introduced by distortion of the linear alkyne
moiety through incorporation into consecutively smaller ring sizes.
In the case of enynes, the double bond probably contributes very
little to total strain. This implies that the smallest ring in which an
alkyne functionality may exist, should in principle, accommodate the
corresponding enyne. Cyclopentyne (151) is the smallest cycloalkyne
for which unequivocal proof of existence has been demonstrated; to
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date, no reports on the synthesis 1-cyclopenten-3-yne (216) have
appeared in the literature.
A large collection of data pertaining to cycloalkynes has been
reported

in the literature since 1953 when Bloomquist and Liui27

O

O

217

CH;

218

stable

1/2

life =

O

CH

CH.

222

CH;
221

1 min, -25° C
stable to 140° C

2h n n

nnh2

c
H3>McCH
3
C H /\^ P C H 3

Pb(0A c)4

CH3 V “

V

CH3'/ \ ^

CH3

/ sCH3

220

Schem e

1/2 life =
1 hr, ambient

85

first assuredly synthesized cyclooctyne (217).128 This shelf stable
molecule is predicted to have only 10 kcal/mol of strain.69 A normal
C=C infrared stretch of 2210 cm-1 (unstrained typically 2100 cm-1),
belies the 22° deformation
diffraction

from linearity,

reported from electron

studies.129

The next member in the series, cycloheptyne (218) could not
be isolated; it has a half-life of less than a minute in solution at 25° C and about one hour at - 7 6 ° C .1 3 0 Krebs and Kimling reported the
synthesis of isolable tetramethylcycloheptyne (220) from reaction
of 219 with lead tetraacetate (Scheme 8 5 ) .i3 ia This substance had a
half-life

towards

dim erization

of

about

one

hour

temperature. Remarkably, the sulfur analogue 221

at

am bient

is thermally

stable, showing no tendency to dimerize or oligomerize up to 140°
CP31b

The greater stability of 221 relative to 220 is attributable to
111
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longer carbon-sulfur bonds which ultimately decrease distortion of
the triple bond. Cyclohexyne (222), the next member in the series,
has been observed in an argon matrix and its IR spectrum has been
recorded; however, it remains too reactive for study in solution. It
has been trapped with platinum and zirconium, and its formation has
been inferred from cycloaddition products.i32
Cyclopentyne (151) is the smallest unsubstituted cycloalkyne
for which compelling evidence of existence has been demonstrated.
MNDO calculations (with Cl) predict 151 to be an energy minimum
with the C-C=C-C group distorted some 630 from linearity, and a C=C
bond distance intermediate between double and triple-bond lengths
(1.263A )J33 Interestingly, at the ROHF/3-21G level of theory, the
bond angle remains the same; however, the bond length is reduced to
1.238A.133 After empirical correction, the ab initio study yielded a
CsC stretching frequency of 1828 cm-1- A number of syntheses of
151 have been

reported;

several

are

shown

in

Scheme

8 6 .1 3 8 b

Schem e
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In

1979, Chapman reported on the potential intermediacy of

151 generated in an argon matrix (Scheme 87). Formation of 2 2 4
through a photochemical Wolff rearrangement of diazocyclohexanone
(223), followed by carbene generation and insertion, yielded 225.
Decarbonylation of 225 gave what the authors believed was highly
photolabile species 151, which rearranged immediately to allene
2 2 6 .100 Several other homologues of five ring alkynes are shown in
Figure 24.152

hv

hv
-N 2

Ar
-n 2
223

-CO

224

225

hv

O

\> -----------226

151

Schem e

87

CH3“ / S .

> V " ch3

ch/

F ig u re

24.

ch3

D e riva tive s

of

c y c lo p e n ty n e

The potential existence of the next member in the series, cyclobutyne (2 2 7 ),

has

attracted

theoreticians

and

experimentalists

alike as 227 must clearly represent the smallest ring in which this
functionality may exist. A report in 1983134 that 227 represents a
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relative

minimum

on the C4H 4

potential-energy

interest; derivatives of 227

hypersurface

promoted

renewed

now are among

planned

investigations in our laboratory. Cyclobutyne (2 2 7 ) was

predicted to have a weak triple bond, however, as indicated by either
bond distance (1.26A) or stretching vibrational frequency (== 1700
cm-1). in support of this notion, the electronic wave function for
singlet 227 shows signs of biradical character. Thus, while 2 2 7
appears to be an energy minimum, the well is undoubtedly very
shallow.
There have been several efforts directed toward the synthesis
of 227, or derivatives thereof. Montgomery and Roberts employed
methodology

used in

the

synthesis

of

151,

but in this case

Br

1 63

or

+

Br

0

Ph

227

Mg

228

2 3 0 Cl
Schem e 88
isolated only acyclic alkyne 228 and cyclobutene (1 6 3 )J 3 5 Wittig
and Wilson attempted dehalogenation of 229 and 230 but could
glean no evidence for the putative intermediacy of 227 (Scheme
88).136 Chapman argued that the possible existence of 227 was
mired by facile rearrangement to butatriene; however, he attempted
the

synthesis

tem perature
a rgon

of

matrix

m a trix

substituted

cyclobutyne

233

through

low

chem istry.100 Irradiation of 231 at 8 K in an

y ie ld e d

c y c lo p ro p e n o n e

232;

h o w e ve r,
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photodecarbonylation

to

cyclobutyne

233

was

not

observed.

Calculations on the next member in the series, cyclopropyne, predict
it to

be an

intermediate

in the

degenerate

rearrangement of

propadienylidene, rather than an energy minimum.137

233

Scheme

89

Introduction to Cvcloenvnes
Far less is knownabout the corresponding series
enynes,

although

limitations

ofstructure

and

of cyclo-

isolability

should

roughly mimic those of the parent cycloalkynes. An explosion in the
field of endiynes, however, was precipitated by the recent discovery
of two remarkable series of naturally occurring compounds, the
caliche m icins

23 4

and

the

esperam icins

23 5,

as

potent

antibacterial and antitumor agents (Scheme 90). 138 Their ability to
perform as antitumor agents centers around closure of the endiyne
to 1,4-diradicals 236 and 237, which subsequently cleave

DNA.

Apparently crucial for closure of 234 to 236 is the rehybridization
that occurs at C i (sp2 to sp3) as a result of conjugate addition by
thiolate ion. This shortens the distance between the two acetylenic
groups,

increasing

the

strain,

which

triggers

the

Bergman

cycliza tio n .
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Schem e
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In the series of cycloenynes, the smallest member whose
existence has been inferred from trapping is 1-cyclohepten-3-yne
(2 3 9 ).139 The eight ring homologue 23 8, as might be predicted, is
stable at ambient temperature (Figure 25). In general, three methods
have been employed in syntheses of these compounds; all introduce
the triple-bond last through either dehydrohalogenation, oxidation of
1,2-dihydrazones and 1-amino-1,2,3-triazoles, or by fragmentation
of 1,2,3-selenadiazoles.i39 In the course of work on the synthesis of
1,2,3-cyclohexatriene

(199) we came upon what appeared to be a

logical precursor to cyclohexen-3-yne (240) by an alternative route.

238

F ig u re

25.

Specifically,

240

239

S erie s
one

of

241

c y c lic e n y n e s

involving

fluoride

induced

elimination

of

an

appropriately substituted vinylsilane. Remarkably, no references to
this novel compound exist. 1-Cyclohexen-3-yne (240) represents the
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smallest member of its series as well as being a new isomer of
benzene.
Synthesis ancLTrappmq _of _1-Cvclohexen-3-vne (2401
In accordance with methodology previously described for the
synthesis

of 1,2,3-cyclohexatriene

(199), substituted silane 2 4 5

was viewed as the logical progenitor to enyne 240. Treatment of
245 then with CsF in DMSO at ambient temperature should furnish
24 0 . The
starting

synthesis of diene 245 is outlined

1-TMS-1-cyclopentene

in Scheme 91. The

(242) was made in two steps from

c y c lo p e n ta n o n e

as

d e sc rib e d

dib ro m o ca rb e n e

(CHBra/KOtBu) to 2 4 2

e l s e w h e r e . 140

resulted

Addition

of

in thermally

unstable adduct 243 which was characterized by 1H and 13C NMR.
Cyclopropane 243 was was never isolated pure, but rather gently
heated in chloroform at 500C to afford ring opened dibromide 244 in
51% yield after chromatography (silica gel/hexane, -11 o C). Spectra
for 2 4 4

include a broad singlet at 5 4.83 in the 1H NMR, seven

resonances in the 13C NMR, and a strong absorption at 1600 cm-1 in
the IR, characteristic of vinyl

bromides.

From here, reaction with base may proceed by either 1,2 or 1,4elimination, yielding dienes 245 and 246 respectively. Treatment of
244 with DBU in DMSO (20° C) for eight hours furnished dienes 2 4 5
and 246

in roughly a 1:9 ratio as determined spectroscopically.

Diene 24 5 exhibited two triplets at 5 6.11 and 8 6.21 in the 1H NMR
while 246 displayed a doublet of triplets at 8

5.98 and a triplet of

doublets at 8 5.86. Separation of the two isomers was achieved with
chrom a tograph y

on

s ilic a

gel

(hexane,

-110C).

Further

characterization of 246 came from two IR bands at 1611 cm-1 and
1560

cm -1, and a strong absorption at 275 nm in the UV, both

characteristic of dienes.
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Diene 246 was cleanly transformed to enyne 240 using the
desilyation protocol described earlier. Reaction of 246 with CsF in
DMSO at room temperature in the presence of DPIBF resulted in
isolation of adduct 247 in 30% yield after chromatography. Spectral
data for 247 include a broad doublet at 5 6.18 and triplet of doublets
at 5 5.68 in the 1H NMR, and 21 resonances in the 13C NMR. Adduct
247

proved

arom atized

extrem ely
to

248

susceptible

upon

attem pts

to
at

oxidation,

and

quickly

recrystallization.

The

possibility of diene 246 reacting with DPIBF before desilyation was
ruled out by appropriate

control experiments. Thus, we attribute the

formation of 247 to cycloaddition of DPIBF with enyne 2 4 0

at its

most strained triple-bond.
The synthesis of 240 redefines current known limitations for
strained cycloenynes, in addition to being a new isomer of benzene.
The existence of 24 0

is not particularly surprising as benzyne

(130) and cyclohexyne (222)

have both been reported. Enyne 2 4 0
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should be only slightly more strained than both 130 and 222, owing
to an increase in the torsional component brought about by eclipsing
methylenes at C3 and C4. Perhaps of greater significance is the
potential generality the method offers in the syntheses of both
smaller and larger ring homologues. Additionally, the remarkably
mild conditions under which these compounds may be generated
makes

them

extremely

attractive

as

reactive

intermediates

in

synthesis.
The next lower homologue in the series, 2 4 1 , should resist
synthesis only because the acidic (Pka = 15-18) hydrogens on a
suitable diene

precursor

would prevent its isolation. The 5,5-

dimethyl derivative 249 should be amenable to synthesis, however;
and a retrosynthetic pathway is outlined in Scheme 92.

249

Scheme 92
In conclusion, cyclohexen-3-yne (240) may be generated and
trapped by well precedented cycloaddition reactions. The molecule is
of fundamental interest as a new isomer of benzene and currently
represents the smallest reported member in its series.
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aemiempirical Calculations of Allene. Vibrational Frequencies:
The MNDQ Method
Introduction
During recent years the calculation of vibrational frequencies
by

sem iem pirical

m olecular

orbital

methods

has

become

an

increasingly popular technique for predicting IR and Raman spectra.
Specific

applications

IN D O H 4

of

MINDO/3,141 MND0.142 CNDO/2,H3 and

have been reported; however, the technique generally

appears to have been limited to smaller molecules. On average, the
calculated values are within ±10% of experimentally determined
numbers. This same overestimation of frequencies occurs with ab
in itio

m ethods.142

We

report

here

the

vibrational

stretching

frequencies for 20 allenes, calculated using the MNDO method.
Comparison
numbers

of the. calculated frequencies for

determined

coefficient which

can

experim entally
be used to

permits

us

14 allenes
to

with

calculate

a

predict frequencies with an

accuracy of 98.8%.
For the

identification

of allenes,

two

infrared

absorption

bands are of particular interest. The first absorption (v-i) occurs
between 2100-1900 cm-1 and is due to the antisymmetrical C=C=C
stretching vibration. In the case of terminal allenes which contain
an electron withdrawing group (-CO2H, -CO2R, -CONH2, -COCI, -COR,
C F3, -CN), this vibration may appear as a doublet.1* 5 The origin of
this splitting is presently unclear. The second absorption (V2) occurs
near 850 cm-1 and is due to the torsional motion of the terminal
methylene group. In cyclic allenes, this band is absent. Because of
our interest in cyclic systems, we focused exclusively on v i in
calculating the coefficient, as this would be applicable to both
cyclic and acyclic systems.
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Computational Procedure
Our calculations

followed

a

standard

procedure.

For

all

calculations, the AMPAC semiempirical molecular orbital package
was used with MNDQ Hamiltonians. Calculations were performed by
initial analytical determination of first derivatives of the energy
with respect to Cartesian coordinates. The Hesian, that is the matrix
of second derivatives of the energy with respect to displacement of
all pairs

of atoms

in X, Y, and 2

is then calculated.

Upon

diagonalization, this gives the force constants for the molecule. The
force

matrix,

calculating
sufficient

weighted for

the

isotopic

vibrational

accuracy

in

masses,

frequencies.1^

the

calculation

of

is then

used

for

in order to ensure
derivatives,

a

more

stringent criterion of SCF convergence was used in each case.
Results and Discussion
The calculated and observed frequencies14515-147 are presented
in Table 4 and are graphically displayed in Figure 26. On average, the
calculated

values

approxim ately

overestim ate

11%.

The

results

the

stretching

are

frequencies

evaluated

coefficients (Q) formed by the quotient between

by

by

correlation

experimental and

calculated values. Our collection of allenes included the cyclic
series from 6-9 membered rings, as well as a variety of acyclic
derivatives. In some cases, experimental values have been reported,
or were measured here by FT-IR. The mean value of Q obtained from
the 14 entries for which experimental frequencies were available
was 0.8912 ± 0.04. When this value was used to predict experimental
frequencies

from

calculated

ones,

the

accuracy

was

a

very

acceptable 98.85 ± 2.26%. In the three cases where doublets have
been

observed

experim entally

(entries

7 ,1 3

and 1 4 ),

the

calculations yielded a single vibrational frequency.
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Plot of obserevd vs calculated vibrational frequencies
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Table 4 displays the calculated and experimentally (where
available) determined

C=C=C stretching

allenes

W ithin

investigated.

ca lcu la te d

stre tch in g

the

fre que ncy

series

frequencies for the 20
of

ste a d ily

cyclic

allenes,

de creases

the
upon

incorporation of the allene chromophore into smaller and smaller
rings. This is a direct manifestation of the increase in C=C bond
length that accompanies this process. As more strain is imparted to
the system, the bond length increases (force constant decreases) to
reduce the strain.
Alkyl substitution on the allene functional group should reduce
the stretching frequency by acting as an electron donor. Comparison
of the calculated values for 1,2-cyclooctadiene (entry 3) and 1-tertbutyl-1,2-cyclooctadiene (entry 6) shows a marked decrease from
2185 to 2176 cm-i. respectively. Interestingly, the calculated value
for 1-methyl-1,2-cyclononadiene (entry 5) is less than that of the
parent

(entry

4);

however,

experim entally

this

observation

is

reversed. Appendage of a fluorine onto the allene chromophore
(entries 13, 15, 16, 17) has the opposite effect to that observed for
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alkyl substitution. By removing electron density, the force constant,
and therefore the observed frequency, is increased.
While these calculations are of fundamental

interest, the

results may be of practical value in assigning observed vibrational
frequencies for transient species whose identities are uncertain. For
example, there have been two reports that 1,2-cyclohexadiene (132)
may be observed in a cryogenic matrix. WentrupQi has trapped
pyrolytically generated 132 in an argon matrix at 11K and observed
a stretching frequency at 1886 cm-1, which he attributed to the
antisymmetrical C=C=C stretch. More recently, Runge and S a n d e d
pyrolyzed bicyclic 250 (Scheme 93) and

y

/

/

BrN J5nMe3
800°/FVP

400-700°/FVP

132

Schem e

trapped an intermediate

250

93

with a stretching frequency of 1829 cm-1. The calculated absorption
using the above method (entry 1) was 2030 cm-t; however, when the
correction was applied, the value was reduced to 1809 cm*1. The
predicted value then is approximately 4% and 1% smaller than those
reported experimentally. Given the slight error associated with the
correction it would be difficult to rule out either value, although,
the frequency reported by the latter authors is obviously in better
agreement.
In another example, Chapman et at. reported that irradiation of
phenylm ethylene

(2 5 1 , Scheme 94) in an argon matrix at 15K
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resulted in the formation of 1,2,4,6-cycloheptatetraene (252).1*8
Evidence supporting this centered
stretching

frequencies

at

around the

observation of two

1824 cm-1 and 1816 cm-1

in the IR

spectrum. The calculated absorption using the above method (entry
7) was 2073 cm-1; however, after correction, this value was reduced
to 1847 cm-1. This represents a small overestimation of 1.3% and
1.7% respectively. Thus while the calculated value appears to be in
good agreement, it does not account for the experimentally observed
doublet reported by the authors.

251

Schem e

252

94

The use of semiempirical molecular orbital calculations to
predict the stretching frequency of 20 allenes has been presented.
The MNDO Hamiltonian overestimates this stretch by approximately
11%, however, after the correction has been applied, the vibrational
frequency may be predicted with 98.5 ± 2.26% accuracy. The use of
these

calculations

to

predict stretching

frequencies where

the

assignment was uncertain, has also been demonstrated. When the
calculated coefficient was used to predict the stretching frequency
of 1,2-cyclohexadiene and 1,2,4,6-cycloheptatetraene, the corrected
values agreed well with those observed experimentally.
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EXPERIMENTAL SECTION
General Experimental

io.alr.uin e.ntati o n;
1H

NMR

S pectra

were recorded on a Bruker AM-360

Fourier

transform spectrometer and a Varian EM-360A spectrometer. All
spectra were measured with CDCI3 as solvent and TMS as reference
unless otherwise noted.
2H NMR Spectra were recorded at 55.30 MHz on a Bruker AM-360
fourier transform spectrometer. Spectra were measured with CHCI3
as solvent and reference.
13C NMR Spectra were recorded at 90.52 MHz on a Bruker AM-360
fourier transform spectrometer. All Spectra were measured with
CDCI3 as solvent and TMS as reference unless otherwise noted.
In fra re d

S pectra were recorded on a Perkin-Elmer 283B grating

spectrometer. Absorptions were reported in wavenumbers (cm-1),
with polystyrene (1601 cm-1) as the calibration peak.
U ltra v io le t S pectra were recorded on a Schimadzu Bausch & Lomb
Spectronic 200 UV spectrometer.
Low

R e s o lu tio n

M ass

S p e c tra

were

obtained

through

the

University Instrumentation Center on a Perkin-Elmer Hitachi RMU-60
mass spectrometer and a Hewlett-Packard 5988A spectrometer.
Gas

C h ro m a to g ra p h y

University

M ass

Instrumentation

S pectra were obtained through the

Center on a Hewlett-Packard

5988A

spectrometer equipped with a 12 meter crosslinked methyl silicone
capillary column.
O ptica l R otations were measured on a Zeiss LEPA2 polarimeter.
M e ltin g

P o in ts w e re recorded on a MEL-TEMP capillary melting

point apparatus and are uncorrected.
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CHN

A n a ly s e s were obtained through the University Instrumen

tation Center on a Perkin-Elmer 240B elemental analyzer.
A n a ly tic a l
Packard

Gas

5793A

C hro m atograph yvas performed with a Hewlettinstrument

equipped

with

a

flame

ionization

detector and an attached model 3390A integrator. The following
columns were used: (A) 10% Carbowax 20M (10' x 1/8' glass column
at specified temperatures), (B) Alltech RSL-150 capillary (25 meter
polydimethylsiloxane column at specified temperatures).
P rep ara tive
gas

Gas C hro m atograph y was performed on a Varian 920

chromatograph

with

a

glass-lined

injector.

The

following

columns were used: (C) 15% Carbowax 20M (10' x 1/4"

stainless

steel column at specified temperatures), (D) 15% QF-1 (10' x 1 /4 "
stainless steel column at specified temperatures), (E) 10% FFAP (10'
x 1/4" stainless steel column at specified temperatures). .
Photochemical Experiments:
In all

solution

phase photochemical experiments, spectroquality

solvents were used. Argon was bubbled through the solution prior to
and during irradiations. The light source was either a Rayonet RPR100 reactor, fitted with 254 nm, or 350 nm lamps, or a 450 W
C onrad-H anovia

lamp

with

sleeve

filte rs .

Low

tem perature

experiments (Rayonet only) were performed by flowing nitrogen (pre
cooled in liquid nitrogen) through coils immersed in the reaction
vessel.

A

quartz

Dewar

vessel

was

employed.

The

desired

temperature was achieved through flow regulation.
Solvents:
Pentane, hexane, and benzene solvents
experiments were spectroquality grade,
Scientific.

used in photochemical
purchased from

Fischer

The following chromatographic solvents were distilled

prior to use; n-pentane, n-hexane, methylene chloride (CH2 CI2),
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chloroform

(CHCI3), and benzene. The following solvents used for

experimentation were distilled from calcium

hydride and stored

under nitrogen: hexamethylphosphoric triamide (HMPA) and dimethyl
sulfoxide (DMSO). Tetrahydrofuran (THF) and diethylether (EtgO) were
freshly distilled from purple sodium benzophenone ketyl under a
nitrogen atmosphere and used immediately. Diisopropylamine was
distilled from potassium hydroxide and stored over 4A molecular
sieves under nitrogen. Ethylene glycol was distilled from magnesium
sulfate. N,N-Dimethylformamide (DMF) was pre-dried over potassium
hydroxide and then distilled from barium oxide.
Column Chromatography

& Adsorbents:

Low temperature (0° C -(-)2 0 ° C) column chromatography was per
formed using jacketed columns. Temperature was controlled with a
Lauda RC3 refrigerated recirculating bath.
S ilic a

G el: 60-200 mesh Davison Chemical silica gel was used as

obtained from the company. Where necessary, the silica gel was
doped with Sylvania 2282 green phosphor to allow observation with
ultraviolet light in quartz chromatography columns.
P re p a ra tive

TLC : Silica gel (1 mm) preparative TLC plates were

purchased from Analtech. These plates were oven dried for 24 hr
prior to use.
A lu m in a : 50-200 mesh Baker analyzed neutral grade alumina was
used as obtained from the company.

Experjm.en.ial
( m - m - 4 . 5 .6 .7 -Tetrahvdrodinaohthor2.1-g:1,.2,-/lH.61dioxecine (101
Ether 10 was prepared in 89% yield from (R)-(+)-1,1'-bi-2naphthol (Aldrich Chemical Co.) by the method of Simpson, Daub, and
H a y e s i5 .

No physical data were reported previously, mp 251-2520C;

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1H NMR (CDCI3) 5 7.93 (bd, 2H, J - 9.0 Hz), 7.85 (bd, 2H, J = 8.1 Hz),
7.47 (d, 2H, J = 9.0 Hz), 7.32 (td, 2H, J = 6.7, 1.2 Hz), 7.18 (td, 2H, J =
6.8, 1.3 Hz), 7.09 (bd, 2H, J = 8.4 Hz), 4.50 (m, 2H), 1.76 (m, 4H), 4.09
(t, 2H, J = 9.5 Hz); 13C NMR

8 153.3, 134.1, 129.7, 129.3, 127.9,

126.3, 125.7, 123.9, 122.4, 117.4, 70.3, 25.2; UV (hexane) Xmax 331
(e6789); [a]2oD (CHCI3) = -215.90.

Asymmetric sensitized irradiation of 1.3-diphen^lail&n^ I1 6)
A solution of allene 16 (272 mg) and sensitizer 10 (32.6 mg),
in 5 ml of CHCI3, was added to 150 ml of hexane. The mixture was
irradiated at 350 nm for 42.5 hr, and concentrated under reduced
pressure. Chromatography on silica gel (1 x 1 0 cm, hexane), yielded
192 mg (72% recovery) of 16 as a white solid, a = 0.180, [ a] 2 oD
(CHCI3) = + 7.530 (e.e = 0.66%17).
In another experiment, a solution of allene 16 (275 mg) and
sensitizer 10 (32.6 mg), in 5 ml of CHCI3, was added to 150 ml of
hexane. The mixture was irradiated at 350 nm at -400 C for 16 hr,
and the allene was isolated as described above, a = 0.0430, [a]2o0
(CHCI3) = + 0.726 (e.e. = 0.064%).

Asymmetric sensitized irradiation of c/s.c/s-1.3-cvlooctadiene

(171

A solution of diene 17 (300 mg) and sensitizer 10 (30 mg), in
5 ml of CHCI3, was added to 150 ml of pentane. The mixture was
irradiated at 350 nm for 2 hr, and the pale yellow solution was
concentrated under reduced pressure at - H o c . Chromatography on
silica gel (1 x 10 cm, pentane) yielded 252 mg (84% recovery) of a
clear oil. GLC (column A, 90° C) showed three components, c/sbicyclo[4.2.0]oct-7-ene

(1 7 a ,

cyclooctadiene

68.4% ,

(1 7 ,

11.7%, rt 2.61
rt

3.81

min), c /s ,c /s - 1 ,3 -

m in),

c is ,tra n s - 1,3-
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cyclooctadiene (18,

19.9%, rt 4.37 min). Calibration versus the

internal standard (decane, 29.7 mg, rt 2.51 min) gave 26.9 mg of 18
which had a = + 0.0440, [a]2oD (EtOH) = + 6.180 (e.e. = 0.95%1Q).
In another experiment, a solution of diene 17 (300 mg) and
sensitizer

10 (28 mg), in 5 ml of CHCI3 was added to 150 ml of

pentane. The mixture was irradiated at 350 nm at -45o C for 2 hr and
purified as described above to yield 223 mg (74% recovery) of a
clear oil. GLC (column A, 900 C) showed 1 7 , 1 8 , and 17 a

(ratio

85.4:10.2: 4.4). Calibration versus the internal standard yielded 12.5
mg of 18 which had a = + 0.0560, [apoD (EtOH) = + 22.320 (e.e. =
3.44%)
The experiment was repeated at -8O0 C. GLC (column A, 900 C)
showed 17, 18, and 17a (ratio 86.2:9.1:4.7). Calibration versus the
internal standard yielded 10.9 mg of 18 which had a = 0.200, [a]20D
(EtOH) = + 73.200 (e.e. = 11.30%).

Sensitized Jrm diation of_c/s,c/s-1.3-cvclooctadiene

(17V. Quenching

of the singlet state
A solution of diene 17 (3.0 g) and the sensitizer 10 (33 mg) in
5 ml of CHCI3

was added to 150 ml of pentane. Stern-Volmer

analysis indicated this concentration of diene 17 would quench =
80% of the singlet state of 10. Irradiation at 350 nm at -6O0 C for 7
hr, followed by workup yielded 17, 18, and 17a (ratio 95.6:2.8:1.6),
a = 0.160, [a]2oD (neat) = + 6.860 (e.e. = 1.06%).

A sym m etric

sen sitized

irra diatio n

of

f r a n s - 1 . 2 - d ip h e n v l-

cvclopropane m
A solution of cyclopropane 1 (200 mg) and sensitizer 10 (28
mg), in 180 ml of benzene was irradiated for 40 hr through a pyrex
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filter.

The solution

was concentrated

under

reduced

pressure,

chromatographed on silica gel (1 x 15 cm, hexane) to yield 168 mg
(84% recovery) of a clear oil. GLC analysis (column A, 175° C )
indicated two components,

(3, 3.0%, rt 6.73 min), and (1,

97%, rt

10.01 min) Calibration versus the standard gave 161 mg of trans 1
which had a = 0.02°, [a]25D (CHCI3) = + 0.25° (e.e = 0.06%).

Cvclohexvl-1.2-orooadiene <631
Cyclohexyl-1,2-propadiene (63) was prepared by the DoeringMoore-Skattebol a p p r o a c h . T o a stirred slurry of vinylcyclohexane
(5.0 g, 0.045 mol) and potassium t-butoxide (30.6 g, 0.27 mol) in 170
ml of pentane at 0° C, was added dropwise a solution of bromoform
(19.9 ml, 6.9 g, 0.23 mol) in 25 ml of pentane. The mixture was
allowed to warm to room temperature and was stirred overnight.
Water (100 ml) was added and the mixture was neutralized with 10%
aqueous HCI. The aqueous and organic layers were separated and the
aqueous layer was extracted with pentane (2 x 100 ml). The pentane
extracts were combined, washed with water, dried over magnesium
sulfate,

filtered,

and

concentrated

under

reduced

pressure.

Distillation yielded 1,1-dibromocyclohexylcyclopropane (4.5 g, 35%,
0.016 mol) as a clear oil, bp 60-63° C at 0.02 mm (lit.iso 160° C at
14 mm).
Methyllithium (15.4 ml of a 1.5 M solution, 0.0184 mol) was
added dropwise to a solution of 1,1-dibromocyclohexylcyclopropane
(4.5 g, 0.016 mol) in 30 ml of dry ether maintained at -3 0 °/-4 0 °C .
The solution was stirred for 45 min. and then warmed to 0° C and
quenched slowly with water (40 ml). The aqueous and organic layers
were separated and the aqueous layer extracted with ether (2 x 25
ml). The ether extracts were combined, washed with water, dried
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over magnesium sulfate, filtered, and concentrated under reduced
pressure.

Distillation

gave

cyclohexyl-1,2-propadiene

(63, 1.7 g,

87% 0.014 mol) as a clear oil, bp 40-450 C at 12 mm (lit.32 56-570 C
at 15 mm). 1H NMR (360 MHz, CDCI3) 5 5.08 (q, 1H, J = 6.6 Hz), 4.69 (d,
1H, J = 3.2 Hz), 4.66 (d, 1H, J = 3.2 Hz), 1.92-2.17 (m, 1H), 1.55-1.80
(m, 4H), 1.08-1.35 (m, 6H).
This material was found to be ca. 94% pure by capillary GLC
analysis (column B, 82o C, rt

7.06 min). Further purification to

99%

was achieved by preparative scale GLC (column C, 800 C).

B_enz-ene_-sensitized vapor

phase

irradiation

of

cvclohexvl-1.2-

prooadiene (631
Cyclohexyl-1,2-propadiene (50 mg) and benzene (80 mg) were
placed in a 1.5 L quartz tube; the bottom portion of the. tube was
cooled to -78o C, and the system was degassed by evacuating to ca.
0.03

mm

and

backflushing

with nitrogen

several

times.

After

evacuating to 0.03 mm, the tube was allowed to warm to
tem perature

and

was

irradiated

for

4.5

min

in

a

room

Rayonet

photoreactor fitted with 254 nm lamps. The reaction vessel was
then cooled to -78o C, vented to nitrogen, and the product was
collected with pentane. The pentane solution was filtered through
silica gel and concentrated under reduced pressure at 0 °C to give
27.6 mg of a clear oil. This process was repeated five times.
Capillary GLC (column B, 82° C) analysis indicated 4.5% conversion
to 8 products. These were partially separated on a preparative scale
(column C, 8O0 C) and identified as follows; cis and tra n s-‘\ ,3 ,8 Nonatriene (82, 46.8%, rt 4.94 min), Compound A (84, 21.9%, rt 5.09
min): 1H NMR (360 MHz, CDCI3) 5 6.00 (ddd, 1H, J = 17.2, 10.2, 7.1 Hz),
4.86-4.94 (m, 2H), 2.58-2.68 (m, 1H), 2.51 (q, 1H, J » 6.5 Hz), 2.28-
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2.38 (m, 1H), 1.98 (ddd, 1H, J = 15.9, 12.2, 9.3 Hz), 1.75-1.92 (m, 2H),
1.38-1.67 (m, 5H); 13C NMR S 143.9, 111.1, 44.4, 40.9, 34.1, 33.1,
32.8, 30.0, 25.0. Compound B (85. 12.3%, rt 5.88 min) 1H NMR
(partial, CDCI3) 8 6.00 (ddd, 1H, J = 17.3, 9.8, 8.2 Hz), 4.96-5.11 (m,
2H); Compound C (86, 10.8%, rt 6.23 min): 1H NMR (partial, CDCI3) 8
5.82 (ddd, 1H, J - 16.9, 10.1, 7.8 Hz), 4.86-5.02 (m, 2H); transBicyclo[4.3.1]non-2-ene (83, 2.3%, rt 6.68 min); Unknown (2.89%, rt
6.82); c/s-Bicyclo[4.3.1]non-2-ene (45, 3.0%, rt 7.49 min).

Thermolysis of cvclohexvl-1,2-propadiene (631
Cyclohexyl-1,2-propadiene (300 mg) was passed through a
horizontal quartz tube packed with quartz chips, maintained at 610°
C and at a pressure of
trap

(-780 C),

0.03 mm.

The product was collected in a cold

rinsed out with pentane, and

concentrated under

reduced pressure at 0o C to give 140 mg of a pale yellow oil.
Capillary GLC (column B, 82° C) indicated 20% conversion to nine
major products.
(column C, 80°

Six of these were isolated on a preparative scale
C) and identified

by comparisonof 1H spectra with

those of authentic compounds. Cyclohexene (95b, 5.1%, rt 2.26 min);
Unknown (5.5%, rt 2.74 min); c/s and frans-1,3,8-N onatriene

(82,

3.6%, rt 4.94 min); Bicyclo-[4.3.0]-nona-1(6),7-diene (98, 3.2%, rt
5.94 min); c/s-Bicyclo[4.3.0]non-7-ene

(97, 10.7%, rt 6.04 min);

Unknown (4.4%, rt 6.16 min); frans-B icyclo[4.3.0]-non-2-ene
15.8%, rt 6.67 min); c/s-Bicyclo[4.3.0]non-2-ene

(83,

(45, 31.2%, rt 7.38

min).
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Benzene sensitized solution

phase

irradiation

of cvclohexvl-1.2-

propadiene (63)
A solution of cyclohexyl-1,2-propadiene (50 mg), in 50 ml of
benzene was placed in a pyrex tube and thoroughly degassed with
argon. The mixture was irradiated in a Rayonet apparatus equipped
with 254 nm lamps for 48 hr, then concentrated under reduced
pressure to yield 52 mg of clear oil. Capillary GLC (column B, 82° C)
analysis indicated only the presence of starting material (6 3 , rt
7.08 min).

Route A; _Vinvlidenecvcloheptane (64)
To a stirred slurry of methylenecycloheptane (3.2 g, 0.029 mol)
and potassium t-butoxide (9.8 g, 0.087 mol) in 75 ml of pentane at
00 c was added dropwise a solution of bromoform (20.5 ml, 7.1 g,
0.081 mol) in 10 ml of pentane. The mixture was then allowed to
warm to room temperature and was stirred overnight. Water (50 ml)
was added and the mixture was neutralized with 10% aqueous HCI.
The aqueous and organic layers were separated, and the aqueous
layer was extracted with pentane (2 x 50 ml). The pentane extracts
were combined, washed with water, dried over magnesium sulfate,
filtered,

and

concentrated

under

reduced

pressure.

Distillation

yielded 1,1-dibromospiro[2.5]nonane (2.8 g, 33.6%,0.010 mol) as a
clear oil, bp 45-49° C at 0.02 mm (lit.**so 140-142° C at 12 mm).
Methyllithium (1.4 ml of a 1.5 M solution, 0.0069 mol) was
added dropwise to a solution of 1,1-dibromospiro[2.5]nonane (1.5g,
0.0053 mol) in 30 ml of dry ether maintained at -30°/-40° C. The
mixture was stirred fo 45 min, warmed to 0 °C , and quenched slowly
with water (40 ml). The aqueous and organic layers were separated
and the aqueous layer was extracted with ether (2 x 30 ml). The
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ether extracts were combined, washed with
magnesium

sulfate,

filtered,

and

water, dried

concentrated

under

over

reduced

pressure. Distillation gave 0.35 g (0.0029 mol, 54%) of a clear oil, bp
45-50° C at 12 mm. Capillary GLC analysis (column B, 82° C) showed
two products. These were isolated on a preparative scale (column D,
75° C), and in the case of allene 64, characterized by comparison of
spectra with those reported.33 Vinylidenecycloheptane (64, 40%, rt
8.1 min): 1H NMR (360 MHz, CDCI3) 5 4.50 (quint, 2H, J = 2.7 Hz), 2.222.29 (m, 4H), 1.43-1.64 (m, 8H); 13C NMR 8 206.6, 103.1, 72.1, 32.1,
29.4, 28.3; IR (neat) 1955 cm-1; Tricyclo[6.1.0.0i.7]nonane (66, 60%,
rt 7.85 min): 1H NMR (360 MHz, CDCI3) 8 2.16-2.26 (m, 1H), 1.92-1.98
(m, 1H), 1.67-1.85 (m, 3H), 1.55-1.66 (m, 2H), 1.31 (d, 1H, J = 2.7
Hz), 1.27 (d, 1H, J = 2.7 Hz), 1.05-1.27 (m, 3H), 0.80 (bs, 1H), 0.51 (s,
1H); 13CNMR 8 43.8 (d), 32.3 (t), 31.2 (t), 29.6 (t), 28.4 (t), 26.6 (t),
26.4 (t), 14.5 (s), 2.6 (d); IR (neat) 2986, 2910, 2833, 1465, 975
cm-1.

Siker.--catal.vzed_isomerization of tricvclor6.1.0.Qi.7]nQnane (66)
Tricyclo[6.1.0.0i.7]nonane (20 ul) was added to benzene (2 ml)
containing

several

crystals

of silver triflate.

The

mixture

was

agitated briefly, allowed to stand for 24 hr under nitrogen, and then
quenched with 2 ml of 10% sodium hydroxide. The aqueous and
organic layers were separated, and the organic layer was dried over
magnesium sulfate, filtered, and concentrated at 0° C under reduced
pressure. GLC (column B, 82° C) indicated the presence of two
isomers which were separated by preparative GLC (column E, 100°
C), and shown to be the following compounds by comparison of 1H
NMR spectra with those of authentic compounds: Vinylcycloheptene
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(79, 49%, rt 8.04 min); Bicyclo[5.1.0]non-1-ene (80, 51%, rt 8.43
min).

BojJte_ B i Vinvlidenecvcloheptane (641
Vinylidenecycloheptane (64) was prepared in a manner similar
to that described for v in ylid en ecyclo h exan e.34

Lithium acetylide

(0.13 mol) was prepared by bubbling acetylene through a solution of
dry THF (150 ml) and n-butyllithium (53.6 ml of a 2.5 M solution,
0.13 mol) at -78° C for 0.5 hr. Cycloheptanone (10 g, 0.089 mol), in
20 ml of THF, was added dropwise over 20 min. Stirring was
continued for 30 min. The solution was warmed to room temperature
and quenched with the dropwise addition of water (250 ml). The
mixture was extracted with ether (3 x 150 ml), and the layers were
separated. The organic layer was washed with water (3 x 75 ml),
dried

over

magnesium

sulfate,

filtered,

and

evaporated

under

reduced pressure to yield yellow oil. Distillation yielded 1-ethynyl1-cycloheptanol (7.6 g, 61.6%, 0.055 mol) as a clear oil, bp 72-760 C
at 12 mm (lit.isi 90-920 C at 12 mm).
A flask was charged with powdered ammonium chloride (5.5 g,
0.10 mol), copper (I) chloride (0.8 g, 0.0081 mol), 0.1 g of copper
bronze, and 75 ml of 36% HCI. Gaseous HCI (NaCI + H2 S O 4 ) was
introduced with vigorous stirring

and cooling at -100/-150 C. 1-

Ethynyl-1-cycloheptanol (7.18 g, 0.052 mol) was then added in two
min and stirring was continued for 90 min, while maintaining the
temperature of the mixture at -5<V0° C. Ice-water (just enough to
effect dissolution of the salts) and pentane (50 ml) were added at 0°
C. The aqueous and organic layers were separated, and the aqueous
layer was washed with pentane (3 x 50 ml). The combined pentane
extracts were washed with water, dried over magnesium sulfate,
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filtered, and concentrated under reduced pressure to yield a pale
yellow

oil.

D istillation

yielded

1-chloro-1-cycloheptyl-acetylene

(6.2 g, 76%, 0.040 mol) as a clear oil, bp 70-800 C at 15 mm. 1H NMR
indicated the material to be ca. 95% pure, and it was used without
further

purification. 1H NMR (360 Mhz, CDCI3) 5 2.67 (s, 1H), 2.34

(ddd, 2H, J = 14.4, 7.7, 2.2 Hz), 2.15-2.26 (m, 2H), 1.47-1.80 (m, 8H);
13C NMR 5 86.2, 73.2, 65.7, 45.6, 27.5, 23.0.
Dry DMF (75 ml) was added quickly to a finely stirred mixture
of zinc dust (30.3 g, 0.046 mol) and CuSCVHaO (11.6 g, 0.046 mol).
The reaction was immediately exothermic and external cooling was
necessary. After 30 min, 50 ml of 100% ethanol was added and the
temperature maintained at 200 C.

1-Ch!oro-1-cycloheptylacetylene

(6.05 g, 0.039 mol), in 5 ml of ethanol, was added slowly over 30
min, and the mixture maintained between 45-500 c for an additional
30 min. The mixture was cooled to room temperature, and the top
layer decanted. The remaining black slurry of zinc was rinsed with
five portions (50 ml each) of ether. The alcoholic solution and the
ether extracts were combined and washed three times with 50 ml
portions of 2 N HCL, saturated with ammonium chloride. The organic
layer was dried over magnesium sulfate, filtered, and concentrated
under reduced pressure to yield 3.6 g of a yellow oil. Capillary GLC
(column B, 68° C) indicated 64 was 82% pure. Allene 64 was further
purified to 98.6% by preparative GLC (column C, 100° C).

Benzene., sensitized._.v.apor

Phase

irradiation

of

vinvlidene-

gy_gig.h£piane. (£4j
Vinylidenecycloheptane (50 mg) and benzene (80 mg) were
placed in a 1.5 L quartz tube, the bottom portion of the tube was
cooled to -78° C, and the system was degassed by evacuating to ca.
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0.02

mm

and

backflushing

with

nitrogen

several

times.

After

evacuating to 0.02 mm, the tube was allowed to warm to room
temperature and was irradiated for 1 hr in a Rayonet fitted with 254
nm lamps. The reaction vessel was then cooled to -78° C, vented to
nitrogen, and the product was collected with pentane. The pentane
solution was filtered through silica gel and was concentrated under
reduced pressure at 0° C to give 46 mg of a clear oil. Capillary GLC
(column B, 68° C) analysis indicated only starting material (64, rt
8.22 min).

Thermolysis of vinvlidenecvcloheptane f64)
Vinylidenecycloheptane

(35

mg)

was

passed

through

a

horizontal quartz tube, packed with quartz chips, maintained at 705°
C at pressure of 0.03 mm. The product was collected in a. cold (-78°
C) trap, rinsed out with pentane, and concentrated under reduced
pressure at 0° C to give 28 mg of a pale yellow oil. Capillary GLC
(column B, 68° C) indicated 3.5% conversion to four products which
were not isolated.

Benzene

sensitized

solution

phase

irradiation _o_f_ _vinvlLdener

cvcloheptane (641
A solution of vinylidenecycloheptane (50 mg), in 50 ml of
benzene was placed in a pyrex tube and thoroughly degassed with
argon. The mixture was irradiated in a Rayonet apparatus equipped
with 254 nm lamps for 48 hr, then concentrated under reduced
pressure to yield 50 mg of clear oil. Capillary GLC (column B, 68° C)
analysis indicated only the presence of starting material (6 4 , rt
8.22 min).
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Svthesis of c /s -9 .9 -d ib ro m o -4 .5 -d id e u te rio b ic v c lo r6 .1 .O lnonane

11111
Acetic acid-d (Aldrich, 99% isotopically pure, 28 ml, 0.46 mol)
was added to a flask charged with potassium azodicarboxylate (29 g,
0.15 mol) and 9,9-dibromobicyclo[6.1.0]non-4-ene (4.0 g, 0.015 mol)
in 50 ml of methyl alcohol-d (Aldrich, 99.5% isotopically pure)
maintained at 0° C. The mixture was allowed to warm to room
temperature and stirring was continued for 24 hr. The mixture was
quenched with D2O and extracted with pentane (2 x 100 ml). The
combined pentane extracts were washed with water, dried over
magnesium

sulfate,

filtered,

and

concentrated

under

reduced

pressure to yield 3.6 g of a crude yellow oil. 1H NMR (60 MHz, CDCL3 )
indicated the reaction had gone to approximately 33% completion. It
was carried out two more times on the same batch, increasing the
overall yield of reduced material to 76% (3.4 g total) as determined
spectroscopically.
MCPBA (0.93 g, 0.0054 mol) in 25 ml of choroform was added
dropwise to the above mixture (= 0.84 g of unsaturated 110, 0.0030
mol) in 25 ml of chloroform maintained at 0° C. The mixture was
allowed to warm to room temperature and stirred for an additional
24 hr before being quenched with

water (40 ml). The aqueous and

organic layers were separated, and the organic layer was washed
with 10% sodium hydroxide (10 ml), saturated sodium bicarbonate
(10 ml), and water. The organic layer was dried over magnesium
sulfate, filtered and concentrated under reduced presure to yield 3.5
g of a yellow oil. Column chromatography on alumina (2 x 25 cm,
hexane) yielded 2.4 g of a clear oil. The chromatographed material
was distilled to give c/s-9 ,9 -d ib ro m o -4 ,5 -d id e u te rio b ic y c lo [6 .1 .Ol
nonane (111, 2.3 g, 58%, 0.0081 mol), bp 70-750 C at 0.02 mm. Mass
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spectrum, m/z (relative intensity) 281 (74), 282 (143), 283 (120),
284 (244), 285 (99), 286 (120) (for comparison, the mass spectrum
of non-deuteriated 111 was recorded, m/z (relative intensity) 280
(45), 282 (87), 284 (42)). By comparing the relative intensities for
peaks at 281 and 282 it was possible to determine the percentages
of mono- and dideuteriated 111 to be 34% and 66% respectively.

l^Phenv_l-1_.2-cvclohexadiene
To

a

stirred

solution

(1371
of

1-phenyl-1 -cyclopentene

(1.0

g,

0.0069 mol) and potassium t-butoxide (2.3 g, 0.021 mol) in 40 ml of
pentane at -15oC was added dropwise a solution of bromoform (1.2
ml, 0.42 g, 0.013 mol) in 3 ml of pentane. The mixture was allowed
to warm slowly to room temperature and stirred for 8 hr. The
reaction was quenched with water (50 ml), the aqueous and organic
layers separated, and the aqueous portion extracted with pentane (2 x
40 ml). The pentane extracts were combined, washed with water,
dried over magnesium sulfate, filtered, and concentrated under
reduced

pressure

to

g ive

p re d o m in a n tly

6 ,6-d ib ro m o -1-

phenylbicyclo[3.1.0]hexane (141, 0.41 g, 20%, 0.0013 mol) as clear
yellow oil. This material was used without further purification. 1H
NMR (360 MHz, CDCI3) 5 7.22-7.35 (m, 5H), 2.43-2.52 (m, 2H), 2.262.38 (m, 2H), 2.06-2.16 (m, 1H), 1.80-1.91 (m, 2H); 13C NMR 8 140.7,
128.2, 128.1, 127.3, 49.7, 46.3, 42.8, 37.8, 30.3, 26.0; IR (neat)
2915, 2810, 1595, 1486, 748 cm-1.
6,6-D ibrom o-1-phenylbicyclo[3.1.0]hexane
mmol) was placed in 1 ml of chloroform and

(30

mg,

0.095

stirred for 24 hr under

nitrogen. The mixture was concentrated under reduced pressure, and
the residue taken up in 1 ml of pentane. The solution was cooled to 30o C, at which point crystallization occurred. The crystals were
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collected

and dried to

give

1,6-dibromo-2-phenyl-1-cyclohexene

(142, 18 mg, 60%, 0.057 mmol) as a white solid, mp 46.5-470 C. 1H
NMR (360 MHz, CDCL3) S 7.20-7.38 (m, 5H), 5.05 (bs, 1H), 2.50-2.62
(m, 2H), 2.18-2.45 (m, 3H), 1.84-1.98 (m, 1H); 13C NMR 8 142.3,
142.0, 128.2, 127.7, 127.4, 120.3, 56.6, 34.0, 33.8, 18.1; IR (KBr)
3018, 2950, 2869, 1625, 1484, 845 cm-1.
Methyllithium (0.81 ml, of a 1.5 M solution, 0.0012 mol) was
added dropwise to a solution of 6,6-dibromo-1-phenylbicyclo[3.1.0]hexane (0.30 g, 0.95 mmol) and 1,3-diphenylisobenzofuran (DPIBF,
0.26 g, 0.95 mmol) in 15 ml of dry ether maintained at 0° C. Stirring
was continued for 30 min and then water (20 ml) was added
carefully. The aqueous and organic layers were separated and the
aqueous layer extracted with ether (2 x 10 ml). The ether extracts
were combined, washed with water, dried over magnesium sulfate,
filtered, and concentrated under reduced pressure to yield 0.31 g of
a yellow solid.

TLC analysis (silica gel, 3:1 hexane/CHaCIa) showed

three components, one of which was DPIBF (Rf = 0.66). Preparative
TLC (silica gel, 3:1 hexane/CHaCIa) of 85 mg gave two components
(R f = 0.41, = 0.31) 146 and 145,

which were both recrystallized

from hexane/benzene (9:2). Exo-146 (11 mg, 8.5%, 0.026 mmol) was
isolated as a white solid, mp 193-194QC. 1H NMR (360 MHz, CDCb) 8
7.99-8.02 (m, 2H), 7.48-7.59 (m, 4H), 7.42-7.44 (m, 2H), 7.12-7.31
(m, 6H), 6.92-6.98 (m, 5H), 5.94 (dd, 1H, J = 4.7, 2.9 Hz), 2.66 (td, 1H,
J = 11.6, 3.4 Hz), 1.81-1.99 (m, 2H), 1.46-1.55 (m, 1H), 1.21-1.32 (m,
1H), 0.95 (dt, 1H, J = 12.0, 4.2 Hz); 13C NMR 8 150.0, 147.6, 145.1,
142.1, 137.9, 135.1, 129.6, 128.7, 128.6, 128.4, 127.8, 127.3, 126.9,
126.7, 125.6, 125.5, 125.3, 123.3, 121.9, 117.4, 93.6, 89.2, 56.9,

32.1, 24.1, 18.7; IR (KBr) 3020, 2942, 1601, 1445, 1301, 1150, 1000
cm-1; Anal. C, H.; Endo-145 (3 mg, 2%, 0.0071 mmol) was isolated as
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a white solid, mp 181-181.50 C. 1H NMR (360 MHz, CDCI3 ) 8 7.84-7.86
(bd, 2H, J = 7.1 Hz), 7.74-7.75 (bd, 2H, J = 7.2 Hz), 7.56-7.60 (bt, 2H,
J = 7.5 Hz), 7.47-7.51 (bt, 2H, J = 7.9 Hz), 7.35-7.45 (m, 5H), 6.836.90 (m, 3H), 5.77 (dd, 1H, J = 6.8, 2.4 Hz), 1.84-1.98 (m, 2H), 1.361.61 (m, 3H), 1.17-1.31 (m, 1H); 13C NMR 8 148.8, 146.4, 144.7,
141.2, 137.5, 136.4, 129.2, 128.5, 128.0, 127.5, 127.3, 126.9, 126.6,
126.4, 126.3, 125.9, 125.8, 120.7, 119.6, 119.1, 91.9, 89.8, 56.2,
30.4, 21.2, 17.5; IR (KBr) 3020, 2940, 1601, 1446, 1302, 1000, 731
cm-1; Anal. C, H.

Attempted syntheses o f 1.2-cvclopentadiene_(1311
Route 1: Dibromocarbene addition to cvclobutene (1631
Cyclobutene was prepared according to the procedure of SalaOn
and F a d e l .104 Methyllithium (7.3 ml of 1.5 M solution, 0.011 mol) was
added to a solution of cyclobutene (= 0.61 g, 0.011 mol), and carbon
tetrabromide (3.8 g, 0.011 mol) in 30 ml of dry ether maintained at 780 C. Stirring was continued for 30 min before it was warmed to 00
C and quenched by the dropwise addition of water (30 ml). The
aqueous and organic layers were separated and the aqueous layer
extracted with ether (2 x 25 ml). The ether extracts were combined,
washed with water, dried over magnesium sulfate, filtered, and
concentrated under reduced pressure to yield 1.4 grams of a crude
brown oil. TLC analysis (silica gel, pentane) indicated the presence
of two components, one of which was carbon tetrabromide

(R f

=

0.61). Column chromatography on silica gel (2.5 x 27 cm, pentane, 1 1 0 C) of 0.33 g yielded two fractions.
tetrabromide and the second

(R f

=

The first was carbon

0.31)

was

1,5-dibrom o-1-

cyclopentene (164, 0.17 g, 28% calculated from crude weight, 0.78
mmol) as a clear oil. 1H NMR (360 MHz, CDCL3) 5 6.16 (t, 1H, J = 2.3
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Hz), 4.94-4.97 (m, 1H), 2.42-2.64 (m, 3H), 2.26-2.38 (m, 1H); 13CNMR
8 137.2, 123.4, 60.8, 35.4, 31.2; IR (neat) 3004, 2951, 1606, 1425,
1010, 820 cm-1; GC-MS, m/z 224, 226 (m + 2), 228 (m + 4).
Methyllithium (7.3 ml of 1.5 M solution, 0.011 mol) was added
to a solution of cyclobutene (» 0.61 g, 0.011

mol), and carbon

tetrabromide (3.8 g, 0.011 mol) in 30 ml of dry ether maintained at 7 8 ° C. Stirring was continued for 30 min then methyllithium

(1

equivalent) was added dropwise over 25 min, and the mixture held at
-78o C for an additional 30 min. The mixture was allowed to warm to
00 C and quenched with the dropwise addition of water (20 ml). The
aqueous and organic layers were separated and the aqueous layer
extracted with ether (2 x 25 ml). The ether extracts were combined,
washed with water, dried over magnesium sulfate, filtered, and
concentrated under reduced pressure to yield 1.6 g of a erode brown
oil.

The

mixture was distilled at 0.02 mm, and two fractions

collected, one at 200 C (0.15 g), and one at 700 C (0.43 g). The first
fraction was further purified by preparative GLC (column D, 100o C)
and shown to be 1-bromo-5-methyl-1-cyclopentene (165). 1HNMR
(360 MHz, CDCI3) 8 5.82 (dd, 1H, J = 4.3, 2.1 Hz), 2.73-2.85 (m, 1H),
2.16-2.34 (m, 3H), 1.52-1.62 (m, 1H), 1.11 (d, 3H, J = 6.9 Hz); 13C
NMR 8 130.2, 127.9, 44.4, 31.2, 30.8, 19.8; GC-MS, m/z 160, 162 (m +
2). Capillary GLC of fraction two (column B, 98° C) indicated the
presence

of

two

com ponents

(1 :1)

which

were

isolated

by

preparative GLC (column D, 150° C) and determined to be the
following. M eso or dl Dibromide (166, rt

5.75 min), 1H NMR (360

MHz, CDCI3) 8 5.93 (d, 2H, J = 2.1 Hz), 3.24-3.35 (m, 2H), 2.20-2.36
(m, 4H), 1.92-2.03 (m, 2H), 1.51-1.61 (m, 2H); 13C NMR 8 132.1 (d),
124.2 (s), 50.7 (d), 31.4 (t), 22.4 (t); IR (CHCI3) 3005, 2935, 2840,
1664, 1432, 1194 cm-1; GC-MS, m/z 290, 292 (m + 2), 294 (m + 4).
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Meso or dl Dibromide (167, rt 6.15 min), iH NMR (360 MHz, CDCI3) 8
5.91 (dd, 2H, J = 4.4, 2.3 Hz), 3.12-3.19 (m, 2H), 2.22-2.38 (m, 4H),
2.10-2.21 (m, 2H), 1.71 (dddd, 2H, J = 12.7, 9.3, 9.0, 5.5 Hz); 13CNMR
8 133.0 (d), 123.8 (s), 50.7 (d), 31.1 (t), 26.3 (t); IR (CHCI3) 3010,
2935, 2840, 1665, 1437, 1195 cm-1; GC-MS, m/z 290, 292 (m +2),
294 (m + 4).
In

another

conditions)

was

experim ent,
run,

however,

the

above

before

reaction

introducing

(identical
the

second

equivalent of methyllithum, 1,3-cyclohexadiene (2.2 g, 0.028 mol)
was added as a trap. After workup, 1H NMR, and capillary GLC
(column B, 98° C) analysis indicated only the presence of 165, 16 6 ,
and 167 (ratio 1:2:2).

Attempted, generation of 1.2-cvclopentadiene (1311 at -105°
Methyllithium (3.6 ml of 1.5 M solution, 0.0055 mol) was added to
a solution of cyclobutene (= 0.30 g, 0.0055 mol), and carbon
tetrabromide (3.2 g, 0.0055 mol) in 20 ml of dry ether maintained at 1 0 5 °C . This temperature was achieved by flowing nitrogen (pre
cooled in liquid nitrogen) through copper coils immersed in pentane/
ethanol (1:1). The yellow solution was stirred for 20 min before a
second equivalent of methyllithium (3.6 ml of 1.5 M solution, 0.0055
mol) was introduced slowly. The solution was allowed to warm to 0°
C, and quenched with the dropwise addition of water (20 ml). The
aqueous and organic layers were separated and the aqueous layer
extracted with ether (2 x 25 ml). The ether extracts were combined,
washed with water, dried over magnesium sulfate, filtered, and
concentrated under reduced pressure to yield 0.26 g of a pale y e llo w
oil. 1H NMR (360 MHz, CDCI3 ) showed no vinyl resonances, and a large,
undefined lump between 8 1- 2.5.

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

In

another

conditions)

was

experim ent,
run,

however,

the

above

before

reaction

introducing

(identical
the

second

equivalent of methyllithium, 1,3-cyclohexadiene (1.1 g, 0.014 mol)
was added as a trap. After workup and passage through a small plug
of

silica gel (pentane), 0.29 g of a pale yellow oil remained.

Capillary GLC (column B, 68° C) analysis indicated the presence of 5
major components (>92%) which were analyzed by GC-MS and
determined to have the following molecular formulas. & (2.2%, rt 3.2
min) C g H u ifi. (56.9%, rt 12.6 min) C sH nB r; Q. (16.4%, rt 14.0 min)
C8H9Br; £ (11.5%, rt 15.8 min) C8H12 ; £ (12.5%, rt 17.0 min) CgHnBr.

Route 2; AddMQD_oi__dichlorocarbene to cyclobutene f1631
n-Butyllithium (3.0 ml of a 2.5 M solution, 0.0076 mol) was
added dropwise to a solution of cyclobutene (0.41 g, 0.0076 mol) and
carbon tetrachloride (0.73 ml, 1.2, g, 0.0076 mol) in 25 ml of dry
ether maintained at -78° C. The mixture was stirred for 30 min,
warmed to 0° C, and quenched with the dropwise addition of water
(30 ml). The aqueous and organic layers were separated and the
aqueous layer extracted with ether (2 x 20 ml). The ether extracts
were combined, washed with water, dried over magnesium sulfate,
filtered, and concentrated under reduced pressure to yield 0.25 g of
pale yellow oil. TLC (silica gel, pentane) analysis showed three
components,

one

of

which

was

major

(Rf

=

0.66).

Column

chromatography on silica gel (1 x 25 cm, pentane, -11° C) yielded
0.18

g

(17%)

of

1,5-dichloro-1-cyclopentene

(169, >86% pure,

column B, 86° C). 1H NMR (partial, 360 MHz, CDCI3) 5 5.9 (t, 1H, J =
7.8 Hz), 4.65-4.85 (m, 1H); GC-MS, m/z 136, 138 (m + 2).
n-Butyllithium (3.0 ml of a 2.5 M solution, 0.0076 mol) was

added dropwise to a solution of cyclobutene (0.41 g, 0.0076 mol) and

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

carbon tetrachloride (0.73 ml, 1.2 g, 0.0076 mol) in 25 ml of dry
ether maintained at -780 C. The mixture was stirred for 30 min and a
second

equivalent of

n-butyllithium

was

added.

After

gradual

warming to OOC, the mixture was quenched by the dropwise addition
of water (30 ml). The aqueous and organic layers were separated and
the aqueous layer extracted with ether (2 x 30 ml). The ether
extratcs were combined, washed with water, dried over magnesium
sulfate, filtered, and concentrated to yield 0.38 g of pale yellow oil.
Capillary GLC (column B, 860 C) indicated the presence of one major
and two minor components (ratio 12:1:1, >76% combined). The major
component was partially resolved by preparative GLC (column C, 94o
C) and shown to be 3-butyl-1-cyclopentene (170) by comparison of
■>H NMR and mass spectra with those reported in the literature.ios ih
NMR (partial, 360 MHz, CDCI3) 8 5.66 (bs, 1H), 2.55-2.69 (m, 1H), 2.222.41 (m, 1H), 1.96-2.09 (m, 1H); GC-MS, m/z (relative intensity) 124
(10), 95 (6), 82 (15), 67 (100), 41 (6).
In

another

conditions)

was

experim ent,
run,

however,

equivalent of n-butyllithium,

the

above

before

reaction

introducing

1,3-cyclohexadiene

(identical
the

(0.61

second

g, 0.0076

mol) was added as a trap. After workup and passage through a small
plug of silica gel (pentane), 0.48 g of a clear oil remained. GC-MS
indicated 1 70 (>62%)

was again the major component.

Route 3: Reactions of 1.5-dibromo-1-cvcloDentene (164^

Reaction of .1 .5-dj^.to.m.p-l-cycl.ppenten.e X164L.w.ith.„ activated
m agne sium . 1,5-Dibromo-1 -cyclopentene (0.10 g, 0.44 mmol, in 10
ml

of

THF)

was

added

dropwise

to

a

mixture

of activated

m agnesium ^09 (21 mg, 0.89 mmol) and 1,3-cyclohexadiene (0.14 g,
0.0036 mol) in 20 ml of dry THF maintained at 0° C. The mixture was

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

stirred for 3 hr, warmed to room temperature and quenched with the
dropwise addition of water (30 ml). The mixture was filtered, and
the filtrate extracted with ether (3 x 30 ml). The ether extracts
were

combined,

magnesium

washed

sulfate,

with

filtered,

water
and

(2

x 30

concentrated

ml),

dried

under

over

reduced

pressure to give 85 mg of a yellow oil. Capillary GLC (column B, 98°
C) analysis indicated 78% conversion to two products (1:1), 166 (rt
5.75 min) and 167 (rt 6.15 min).

Reaction
elevated

of 1,5-dibromo-1 -cyclopentene

(1641 with MeLi at

tem peratures. Methyllithium (0.63 ml of a 1.5 M solution,

0.44 mmol, in 20 ml of THF) was added dropwise to a solution of1,5dibromo-1-cyclopentene (0.10 g, 0.44 mmol) in 30 ml of dry THF
maintained at 55° C. After addition was complete, the mixture was
cooled to room temperature and quenched by the dropwise addition
of water (40 ml). The aqueous solution was extracted with ether (3 x
40 ml) and the combined extracts washed with water (2 x 30 ml).
The organic layer was dried over magnesium sulfate, filtered, and
concentrated under reduced pressure to yield 86 mg of a yellow oil.
Capillary GLC (column B, 98° C) indicated 94% conversion to the
following three products (1:2:2), 16 5 (rt 2.76 min), 1 6 6

(rt 5.75

min), 167 ( rt 6.15 min).

Route 4:

Fluoride

induced elimination

of

1-bromo-5-trimethyl-1 -

gycJapsfltenfi.i1.Z7i
1-Brom o-5-trim ethylsilyl-1 -cyclopentene

(177) was prepared

in a similar manner to that described by Denmark and K lix.ns To a
solution of hexamethyldisilane (0.38 ml, 0.0019 mol) in 3 ml of
HMPA at 0-5° C under nitrogen was added methyllithium (1.2 ml of
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1.5 M solution of Aldrich methyllithium lithium bromide complex in
ether, 0.0019 mol) dropwise. After being stirred for 3 min, the
resulting red solution was treated with copper (I) iodide (0.35 g,
0.0019 mol) in dimethyl sulfide (1 ml). The resulting black solution
was stirred for 3 min and allylic halide 164 (0.17 g, 0.73 mmol) was
added rapidly via syringe. The reaction mixxxture was warmed to
room temperature and stirred for 1.5 hr.

It was then poured into 25

ml of pentane and 25 ml of saturated ammonium chloride (buffered
to pH 8 by the addition of ammonium hydroxide), and the mixture was
vigorously stirred for 1 hr. The aqueous and organic layers were
separated and the aqueous layer extracted with pentane (2 x 50 ml).
The combined pentane extracts were washed with water, dried over
magnesium

sulfate,

filtered,

and

concentrated

under

reduced

pressure to yield 0.18 g of a yellow oil. TLC (silica gel, pentane)
analysis indicated the presence of two components, one of which
was major (Rf = 0.62). Column chromatography on silica gel (1.5 x 2 0
cm ,

p e n ta n e ,

-1 1 0 C )

yie ld e d

1 -b ro m o -5 -trim e th y ls ily l-1 -

cyclopentene (177, 54 mg, 31%, 0.23 mmol) as a clear oil. Capillary
GLC (column B, 800 C) indicated the material to be 98% pure. 1H NMR
agreed well with data reported in the literature.iis
1-Bromo-5-trimethylsilyl-1 -cyclopentene

(52

mg, 0.23

mmol)

was added to 3 ml of dry DMSO containing cesium fluoride (0.14 g,
0.92 mmol) and DPIBF (62 mg, 0.23 mmol) maintained at 80° C. The
mixture was stirred overnight, cooled to room temperature, and
quenched by the dropwise addition of water (10 ml). The resulting
solution was extracted with ether (2 x 50 ml) and the combined
ether extracts were washed with water, dried over magnesium
sulfate, filtered, and concentrated to yield 72 mg of a yellow solid.
TLC analysis (silica gel, 3:1 hexane/chloroform) showed only DPIBF
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(R f

= 0.49). iH

N M R

of the crude material showed only aromatic

resonances, no vinyl peaks

being observed. Preparative TLC (silica

gel, 3:1 hexane/chloroform) analysis of the baseline material by 1H
N M R

showed only aromatic resonances.
In other experiments, the reaction temperature was varied

between 20° C and 80° C with and without traps; however, this did
not significantly alter the above results. Attempts to trap (-78° C)
any volatile components failed.

1.2-Cvclohexadiene (1321
1-B rom o -6-trim ethylsilyl-1-cyclohexene

( 1 7 6 ) was prepared

according to the procedure of Denmark and Klix.ns Alkene 1 7 6 (0.19
g, 0.82 mmol) was added to 20 ml of dry

D M S O

containing cesium

fluoride (0.50 g, 0.0033 mol) and DPIBF (0.22 g, 0.82 mmol)
maintained at 80° C. The mixture was

stirred overnight, cooled to

room temperature and quenched by the dropwise addition of water
(30 ml). The resulting solution was extracted with ether (3 x 30 ml)
and the combined ether extracts were washed with water (2 x 50
ml), dried over magnesium sulfate, filtered, and concentrated under
reduced pressure to yield 0.43 g of a yellow solid. TLC (silica gel,
3:1

hexane/C H 2C l2) analysis

products, one of which was DPIBF
gel, 3:1

indicated the presence of three
(R f

= 0.49). Preparative TLC (silica

hexane/CH2C l2) gave two components, A and B , in 73%

overall yield. 1H

N M R

of both components agreed well with data

reported in the literature.117,90
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Cvclohexen-3-vne. (240)
To a stirred solution of 1-trimethylsilyl-1 -cyclopentene (0.10
g, 0.71 mmol) and potassium t-butoxide (0.16 g, 0.0014 mol) in 25
ml of pentane at -11 oC was added dropwise a solution of bromoform
(0.096 ml, 0.28 g, 0.0011 mol) in 2 ml of pentane. The mixture was
maintained at -11° C for 3.5 hr, then quenched by the addition of
water (10 ml). The aqueous and organic layers were separated and
the aqueous layer extracted with pentane (2 x 3 0 ml). The combined
pentane extracts were washed with water, dried over magnesium
sulfate, filtered, and concentrated under reduced pressure. 6,6D ib ro m o-1-trim eth ylsilylbicyclo [3.1.0]pe nta ne

(243, 0.12 g, 54%,

0.39 mmol) was isolated as a yellow oil and used without further
purification. 1H NMR (360 MHz, CDCL3) 8 1.89-2.18 (m, 5H), 1.64-1.79
(m, 2H), 0.19 (s, 9H); 13C NMR 8 39.7, 35.0, 34.5, 30.6, 28.7, 26.4, 0.20.
6 ,6 -D ib ro m o -1 -trim e th ylsilylb icyclo [3 .1 .0 ]p e n ta n e

(0.12

g,

0.39 mmol) was heated in chloroform (5 ml) at 50° C for 3 hr. The
resulting

mixture was concentrated under reduced pressure and

chromatographed on silica gel (1.5 x 2 0 cm, pentane, -1 1 o Q to yield
1 ,6 -d ib ro m o -2 -trim e th y ls ily l-1 -c y c lo h e x e n e

(2 4 4 , 0.11 g, 92%,

0.36 mmol) as a clear oil. 1H NMR (360 MHz, CDCI3) 8 4.83 (bs, 1H),
2.40 (dd, 1H, J = 18.4, 5.3 Hz), 2.18-2.29 (m, 2H), 2.10 (dt, 1H, J =
14.0, 3.1 Hz), 1.92-2.05 (m, 1H), 1.73-1.77 (m, 1H), 0.23 (s, 9H); 13C
NMR 8 143.3, 130.9, 57.1, 33.8, 32.2, 17.3, -0.94; IR (neat) 2960,
2900, 1600, 1440, 1253, 1015, 839 cm -i; Anal. C, H.
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, 0.28 ml, 0.0018 mol)
was added dropwise to

1,6-dibromo-1 -trimethylsilyl-1 -cyclohexene

(0.55 g, 0.0018 mol) in 10 ml of dry DMSO at room temperature. The

mixture was stirred for 16 hr, quenched with water, and extracted
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with pentane (2 x 30 ml). The aqueous and organic layers were
separated and the organic layer washed with water. The pentane
layer was dried over magnesium sulfate, filtered, and concentrated
to yield 0.16 g of a yellow oil. Column chromatography on silica gel
(1 .5 x 2 5 cm, pentane, -1 1 0 Q

yielded

1-bromo-2-trimethylsilyl-1,5-

cyclohexadiene ( 2 4 6 , 0.11 g, 26%, 0.47 mmol) as a clear oil (>92%
pure). 1H NMR (360 MHz, CDCI3) 8 5.88 (dt, 1H, J = 9.7, 1.8 Hz), 5.85
(dt, 1H, J = 9.7, 4.4 Hz), 2.22-2.27 (m, 2H), 2.05-2.13 (m, 2H), 0.25
(s, 9H); 13CNMR 8 135.3, 130.9, 126.6, 28.5, 21.5; IR (neat) 3042,
2961, 2826, 1611, 1560, 1251, 835 cn H ; UV (hexane) Xmax 275 nm
(e4400), 205 (e3960).
Diene 2 4 6 (0.10 g, 0.43 mmol) was added to 7 ml of DMSO
containing cesium fluoride (0.15 g, 0.0014 mol) and DPIBF (0.18 g,
0.43 mmol) maintained at 30°/40o C. The mixture was stirred for 16
hr, quenched with water (10 ml), and extracted with ether (3 x 20
ml).

The

ether extracts

were

washed

with

water,

dried

over

magnesium sulfate, filtered, and concentrated to yield 0.16 g of a
yellow solid. TLC (silica gel, 3:2 hexane/CH2C l2) analysis indicated
the presence of two components, one of which was DPIBF (Rf = 0.62).
Preparative TLC (silica gel, 3:2 hexane/CH2Cl2) yielded diene 2 4 5 (Rf
= 0.32, 11 mg, 0.31 mmol) as a white solid, mp 156-1570 C. 1H NMR
(360 MHz, CDCb) 8 7.78 (d, 2H, J = 7.1 Hz), 7.69 (d, 2H, J = 7.1 Hz),
7.38-7.53 (m, 6H), 7.23 (t, 2H, J = 7.0 Hz), 2.97 (quin., 2H, J = 7.5 Hz),
6.19 (bd, 1H, J = 9.7 Hz), 5.68 (dt, 1H, J = 9.6, 4.2 Hz), 2.66 (ddd, 1H, J
= 17.0, 7.5, 4.8 Hz), 2.28-2.35 (m, 2H), 2.04-2.16 (m, 1H); 13C NMR 8
151.7, 151.5, 150.6, 147.7, 135.2, 134.7, 128.7, 128.2, 127.9, 126.6,
126.1, 125.2, 124.7, 120.1, 120.0, 119.6, 92.5, 92.2, 23.2, 22.7. All
attempts to recrystallize 2 4 7 ,

resulted in immediate oxidation to

2 4 8 as determined spectroscopically. 124
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Synthesis, of 1.2.3-cvclohexatriene (199)
Route

1 ; -A tte m p te d . synthesis

of

1-chloro-6-trim ethvlsilvl-1.5-

cvclohexadiene (2041.
2-Trim ethylsilyl-2-cyciohexen-1-one

was

prepared

according

to the procedure of Shih, Fritzen, and Swenton.119 A 10 ml flask was
charged with

2-trimethylsilyl-2-cyclohexen-1-one

(0.75 g, 0.0045

mol) and phosphorus pentachloride (0.93 g, 0.0045 mol) under
nitrogen. Phosphorus oxychloride (0.41 ml, 0.683 g, 0.0045 mol) was
introduced quickly, and the resulting brown mixture was stirred for
22 hr at room temperature. The mixture was poured into water (25
ml) and extracted with ether (3 x 20 ml). The combined ether
extracts were washed with water, dried over magnesium sulfate,
filtered, and concentrated under reduced pressure to yield 0.86 g of
a pale yellow oil. TLC (silica gel, pentane) analysis indicated the
presence of three components, one of which was major (Rf = 0.67).
Column chromatography on silica gel (1.5 x 30 cm, pentane, -110C)
yielded

1,3-dichloro-2-trim ethylsilyl-1-cyclohexene

(205, 0.38 g,

38%, 0.0017 mol) as a clear oil. 1H NMR (360 MHz, CDCI3) 5 4.78 (bs,
1H), 2.42-2.52 (m, 2H), 2.06-2.11 (m. 2H), 1.86 (td, 1H, J = 10.5, 3.3
Hz), 1.76-1.81 (m, 1H), 0.29 (s, 9H); 13C NMR 5 147.6, 133.8, 59.9,
35.4, 31.0, 18.2, -0.87; IR (neat) 2975, 1602, 1429, 1255, 843 cm-1.
DBU (0.18 ml, 0.0012 mol) was added dropwise to dichloride
205 (0.24 g, 0.0011 mol) in 10 ml of DMSO at room temperature. The
mixture was stirred for 20 hr, quenched with water (30 ml), and
extracted with pentane (2 x 30 ml). The aqueous and organic layers
were separated and the organic layer washed with water. The
pentane solution was dried over magnesium sulfate, filtered, and
concentrated under reduced pressure to yield 79 mg (38% crude
yield) of pale yellow oil. 1H NMR of the crude mixture indicated the
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presence

of

two

com ponents.

1 -C h lo ro -6 -trim e th y ls ily l-1 ,5 -

cyclohexadiene ( 204, 60%), 1H NMR (partial, 360 MHz, CDCI3) 8 6.23
(t, 1H, J = 4.1 Hz), 5.8 (t, 1H, J = 4.5 Hz); 1-Chloro-2-trimethylsilyl1,3-cyclohexadiene (206, 40%), 1H NMR (partial, 360 MHz, CDCI3) 8
5.93 (dt, 1H, J = 7.6, 1.7 Hz), 5.7 (quin., 1H, J = 4.4 Hz). The mixture
proved

inseparable

by

column

chrom atography

and

rapidly

aromatized during all attempts at preparative GLC.

Roule-2; Fluoride ..induced., elimination of ,1-trifluQromethane.suJfQ.nici
6 -trim e th vlsilvl-1,5 -cvclohexadiene

(2 0 8 ).

Lithium diisopropylamide (LDA) was prepared by the addition
of n-butyllithium

(1.20 ml of a 2.5 M solution, 0.0030 mol) to

diisopropylamine (0.42 ml, 0.0029 mol) in 8 ml of dry THF at -78° C.
2-Trimethylsilyl-2-cyclohexen-1-one (0.50 g, 0.0029 mol) in 3 ml
of THF was then added slowly, and the resulting orange solution
stirred

for 2

hr at -78° C. Trifluoromethanesulfonimide (1.2 g,

0.0033 mol) was added as a solid and the mixture warmed to 0° C
and maintained for an additional 3 hr. After further warming to room
temperature, the resulting red solution was stirred overnight. The
mixture was poured into water (50 ml) and extracted with ether (2 x
75 ml). The aqueous and organic layers were separated, and the
organic layer was washed with water. The ether layer was dried
over magnesium sulfate, filtered, and concentrated to yield 1.1 g of
an orange oil. TLC

(silica gel, hexane) analysis indicated the

presence of two components, one of which was the triflimide (Rf =
0.32). Column chromatography on silica gel (1.5 x 40 cm, hexane)
y ie ld e d

1 -triflu o ro m e th a n e s u lfo n ic -6 - tr im e th y ls ily M ,5 -c y c lo -

hexadiene 208, 0.52 g, 58%, 0.0017 mol) as a clear oil. 1H NMR (360
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MHz, CDCI3) 6 6.29 (t, 1H, J = 4.3 Hz), 5.74 (t, 1H, J = 4.5 Hz), 2.142.31 (symmetrical mult., 4H); 13C NMR 8 150.5, 141.2, 133.6, 111.8,
22.6, 21.7; IR (neat) 3010, 2936, 1639, 1420, 1210, 1140, 940, 835
c m -i; UV (hexane) Xmax 260 nm (e2050), 203 (e2200); GC-MS, m/z
300.
Diene 2 0 8 (47 mg, 0.16 mmol) was added to 2 ml of dry DMSO
containing cesium fluoride (71 mg, 0.47 mmol) and DPIBF (47 mg,
0.16 mmol) at room temperature. The mixture was stirred for 20 hr,
poured into water (10 ml), and extracted with ether (2 x 30 ml). The
combined

ether extracts

magnesium

sulfate,

were

filtered,

washed

and

with

water,

concentrated

dried

under

over

reduced

pressure. TLC (silica gel, 3:2 hexane/CH2C l2) analysis indicated the
presence of two components, one of which was DPIBF (Rf = 0.62).
Preparative TLC (silica gel,

3:2 h e x a n e /C ^ C y yielded 9,10-epoxy-

6.7.9.10-tetrahydro-9,10-diphenylanthracene

(209,

13 mg, 24%,

0.38 mmol) as a white solid, mp 161-162.50 C. 1H NMR (360 MHz,
CDCI3) 8 7.82 (d, 4H, J * 7.2 Hz), 7.54 (t, 4H, J = 7.3 Hz), 7.32 (dd, 2H,

J = 5.3, 3.1 Hz), 7.17 (dd, 2H, J = 5.3, 3.1 Hz), 5.69 (bs, 2H), 2.22-2.24
(m, 4H); 13C NMR 8 146.5, 138.7, 135.3, 128.5, 127.9, 126.8, 119.4,
114.3, 88.3, 22.3; IR (KBr) 3025, 3020, 2930, 2830, 1440, 1445,
980, 695 cm-1; Anal. C, H.
Diene 2 0 9 (4.4 mg, 0.013 mmol) was dissolved in 0.75 ml of
benzene

containing

2 ,3 -dich loro -4,5 -dicyan o-1 ,4-ben zoqu inon e

(DDQ, 2.7 mg, 0.011 mmol). The reaction, monitored by TLC, was
determined to be complete after 17 hr. The mixture was filtered and
the filtrate concentrated to give a faintly yellow oil. Preparative
TLC (silica gel,

3:2 hexane/CH2Cl2) yielded 9,10-epoxy-9,10-dihydro-

9.10-diphenyl-anthracene (4.1

mg, 91%, 0.012 mmol) as a white

solid, mp 191-1920 C (lit.124 mp 193.5-1940 C). Spectral data agreed
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well with that reported in the literature.124
Diene 208 (70 mg, 0.29 mmol) was added to 1 ml of dry DMSO
containing cesium fluoride (0.11 g, 0.72 mmol) and furan (0.21 ml,
0.0029 mol) at room temperature. The resulting purple solution was
stirred for 20 hr, quenched with water (10 ml), and extracted with
ether (2 x 25 ml). The aqueous and organic layers were separated and
the organic layer washed with water (15 ml). The ether portion was
dried over magnesium sulfate, filtered, and concentrated to yield
0.12 g of a yellow oil. TLC (silica gel, 9:1 hexane/ether) analysis
indicated the presence of a single component (Rf = 0.52). Preparative
TLC

(silica

gel,

9:1

hexane/ether)

yielded

1,4-epoxy-1,4,6,7-

tetrahydronapthalene (212, 24 mg, 66%, 0.19 mmol) as a clear oil.
1H NMR (360 MHz, CDCI3) 8 6.40 (bs, 2H), 5.65 (bs, 2H), 5.19 (bs, 2H),
2.14-2.36 (symmetrical m, 4H); 13C NMR 8 134.7, 134.1, 113.6, 80.2,
22.6; IR (neat) 3005, 2962, 2914, 1442, 1340, 1289, 820 cm-1; UV
(hexane) A.max 213 nm (e3720), 250 (e2140); GC-MS m/z 146.
Diene 212 (18 mg, 0.12 mmol) was added to 1 ml of benzene
containing DDQ (25 mg, 0.11 mmol). The mixture turned orange
immediately, and a precipitate formed. The mixture was filtered,
and the filtrate concentrated to give a yellow oil. Preparative TLC
(silica

gel,

9:1

hexane/ether)

yielded

1,4-epoxy-1,4-dihydro-

napthalene (18 mg, 100%, 0.12 mmol) as a clear oil. Spectral data
agreed well with that reported by Aldrich.149

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

APPENDIX A
SPECTRA FOR COMPOUNDS
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